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It has been remarked, that when a business is con^ 
ducted by precedent alone, it must remain without 
improvement ; and that the best method of imptoving . 
a business is to study it as a science. 

Now, there are two modes by which knowledge may 
be acquired: the one by reasoning from first princi- 
ples ; the other by reasoning from experiments and 
observations of facts. But the best course is to unite 
the two methods, when the talent of the inquirer is 
equal to the task. 

If it were only as examples of the method of reason- 
ing from experiments and facts, the papers of Smeaton 
in their complete state are truly valuable ; but it also 
fortunately happens that they are on subjects which 
form part of the business of the engineer and mill- 
wright, and which' ought to be well understood by the 
Civil Engineer. 

The experiments of Venturi are of a similar nature, 
and illustrate some curious phenomena of considerable 
importance ; and those intrusted with the management 
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of rivers, drainage, and the supply of water by pipes, 
may study his experiments with much advantage. In 
judgment he seems as much inferior to Smeaton, as he 
is superior to him in mathematical learning. Hence it 
will be found that he sometimes builds too much on the 
data of his experiments. 

Of the value of Dr. Young's Summary of Hydraulics 
we have already given our opinion in the advertisement 
which precedes it; and we have only to add that the 
motion of water in rivers, the inclination of their sur- 
&ces, and the velocity of water in pipes, are there given 
in a more brief and clear manner than in any other 
work extant, and may be usefiilly referred to in ques- 
tions relative to right of water in arbitrations, &c., as 
well as in calculations for new water-works. 

To these, Bossut's Experiments on Water Wheels, 
and Notes, either to illustrate theoretical principles or 
supply practical rules, where wanting, are added ; 
the whole forming a collection which will be a useful 
course of study for a young man, and not without its 
value in the library of the regular professor. 
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TO TURN MILLS AND OTHER MACHINES DEPENDING ON A 
CIRCULAR MOTION. 

Read before the Royal Society, May 3 and 10, 1769. 

What I have to communicate on this subject was originally 
deduced from experiments made on working models, which 
I look upon as the best means of obtaining the outlines in 
mechanical inquiries. But in this case it is very necessary to 
distinguish the circumstances in which a model differs from a 
machine in large ; otherwise a model is more apt to lead us 
from the truth than towards it. Hence the common observa- 
tion, that a thing may do very well in a model that will not 
answer in large. And, indeed, though the utmost circum- 
spection be used in this way, the best structure of machines 
cannot be fully ascertained, but by making trials with them, 
when made of their proper size. It is for this reason that 
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though the models referred to, and the greater part of the fol- 
lowing experiments, were made in the years 1752 and 1763, yet 
I deferred offering them to the Society, until I had an oppor- 
tunity of putting the deductions made therefrom in real prac- 
tice, in a variety of cases, and for various purposes ; so as to be 
able to assure the Society that I have found them to answer. 



PART I. 



CONCERNING UNDERSHOT WATER WHEELS. 

Plate I. Fig. 1. is a perspective view of the machine for ex- 
periments on water-wheels ; wherein 

A B C D is the lower cistern or magazine, for receiving the 
water, after it has quitted the wheel ; and for supplying 

DEthe upper cistern or head ; wherein the water being raised 
to any height required by a gump, that height is shewn by 

FG, a small rod, divided into inches and parts; with a float 
at the bottom, to move the rod up and down, as the sur- 
face of the water rises and falls. 

H I is a rod by which the sluice is drawn, and stopped at any 
height required, by means of 

K a pin, or peg, which fits several holes, placed in the manner 
of a diagonal scale, upon the face of the rod H I. 

G L is the upper part of the i'od of the pump, for drawing the 
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water out of the lower cistern, in order to raise and keep 
up the surface thereof at its desired height, in the head 
D E ; thereby to supply the water expended by the aper- 
ture of the sluice. 

M M is the arch and handle for working the pump, which is 
limited in its stroke by 

N, a piece for stopping the handle from raising the piston 
too high ; that also being prevented from going too low, 
by meeting the bottom of the barrel. 

O is the cylinder, upon which a cord winds, and which, being 
conducted over the puUies P and Q, raises 

R, the scale, into which the weights are put, for trying the 
power of the water. 

S T, the two standards, which support the wheel, are made to 
slide up and down, in order to adjust the wheel, as near 
as possible, to the floor of the conduit. 

W, the beam which supports the scale and puUies ; this is 
represented as but little higher than the machine, for the 
sake of bringing the figure into a moderate compass, but, 
in reality, is placed 15 or 16 feet higher than the wheel. 

Plate 11. Fig. 2. is a section of the same machine, wherein the 
same parts are marked with the same letters as in Fig. 1. 
Besides which, 

XX is the pump barrel, being 5 inches diameter, and 11 inches 
long. 

Y is the piston ,- and 
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Z the fixed valve. 

GV is a cylinder of wood, fixed upon the pump-rod, and 
reaches ahove the surface of the water : this piece of wood 
being of such a thickness, that its section is half the area 
of that of the pump-barrel, will cause the surface of water 
to rise in the head, as much while the piston is descending, 
as while it is rising ; and will thereby keep the gauge-rod 
FG more equally to its height. — Note, The arch and 
handle M M is here represented on a different side to what 
it is shewn in the preceding figures, in order that its 
dimensions may the better appear. 

a a shews one of the two wires which serve as directors to the 
float, in order that the gauge-rod F G may be kept per- 
pendicular; for the same purpose also serves w, a piece 
of wood with a hole to receive the gauge-rod, and keep 
it upright. 

b is the aperture of the sluice. 

c c a kant-board, for throwing the water more directly down 
the opening c rf, into the lower cistern ; and 

C6 is a sloping-board, for bringing back the water that is 
thrown up by the floats of the wheel. 

Fig. 3. represents one end of the main axis : with a section of 
the movable cylinder, marked O in the preceding figures. 

A B C D is the end of the axis ; whereof the parts 

B and D are covered with ferrules or hoops of brass. 

E is a cylinder of metal ; whereof the part marked 

F is the pivot or gudgeon. 
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c c 18 the section of a hollow cylinder of wood, the diameter of 
the interior part being somewhat larger than the cylin- 
drical ferrule B. 

a a is the section of a ferrule of brass, driven into the end of 
the hollow cylinder, and which is adjusted to that marked 
B, so as to slide freely thereupon, but with as little shake 
as possible. 



b bj d dy g ffy represent the section of a brass ferrule, plate, and 
socket, fixed upon the other end of the hollow cylinder; 
the socket, d d^ being adjusted to slide freely upon the 
cylinder E, in the same manner as the ferrule, a a, slides 
upon the cylinder B : the outer end of the socket at 

^ ^ is formed into a sort of button ; by pushing whereof, the 
hollow cylinder will move backwards and forwards, or turn 
round at pleasure upon the cylindrical parts of the axis B 
and E. 

e e, iiy o Oy represent the section of a brass ferrule, also fixed 
upon the hollow' cylinder : the edge of this ferrule 

6 e is cut into teeth, in the manner /of a contrate wheel ; and the 
edge thereof 

o o is cut in the manner of a ratchet. 

Of consequence, when the plate, bddb^is pushed close 
to the ferrule D, the teeth of the ferrule e e will lay hold 
of 

G, a pin fixed into the axis; by which means the hollow 
cylinder is made to turn along with the wheel and axis : 
but being drawn back by the button g g, the hollow 
cylinder is thereby disengaged from the pin G, and ceases 
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turning. Note, The weight in the scale is prevented fram 
running back by a catch, that plays in and lays hold of 
the ratchet, o o. 

By this means the hollow cylinder upon which the 
cord winds and raises the weight, is put in siction and 
discharged therefrom instantaneously^ while the wheel is 
in motion ; for, without some contrivance of this kind, it 
would not be easy to make this sort of experiment with 
any tolerable degree of exactness. 

The use of the apparatus now described will be rendered 
more intelligible, by giving a general idea of what I had in 
view ; but as I shall be obliged to make use of a term which 
has heretofore been the cause of disputation, I think it necessary 
to assign the sense in which I would be understood to use it ; 
and in which, I apprehend, it is used by practical Mechanics. 

The word Powery as used in practical mechanics, I appre- 
hend to signify the exertion of strength, gravitation, impulse, 
or pressure, so as to produce motion : and, by means of strength, 
gravitation, impulse, or pressure, compounded with motion, to 
be capable of producing an effect; and that no effect is pro- 
perly mechanical, but what requires such a kind of power to 
produce it. 

The raising of a weight, relative to the height to which it 
can be raised in a given time, is the most proper measure of 
power ; or, in other words, if the weight raised is multiplied by 
the height to which it can be raised in a given time, the product 
IS the, measure of the power raising it; and, consequently, all 
those powers are equal, whose products, made by such multi- 
plication, are equal : for if a power can raise twice the weight to 
the sanie height, or the same weight to twice the height, in the 
same time that another power can, the first power is double the 
second : and if a power can raise half the weight to double the 



EXPERIMENTAL INQUIRY, &C. 7 

height, or double the weight to half the height, in the same 
time that another can, those two powers are equal. But note^ 
all this is to be understood in case of slow or equable motion of 
the body raised ; for in quick, accelerated, or retarded motions, 
the vis inerticB of the matter moved will make a variation.* 

In comparing the effects produced by water-wheels, with the 
powers producing them ; or, in other words, to know what 
part of the original power is necessarily lost in the application, 
we must previously know how much of the power is spent in 
overcoming the friction of the machinery, and the resistance 
of the air ; also, what is the real velocity of the water at the 
instant that it strikes the wheel ; and the real quantity of water 
expended in a given time. 

From the velocity of the water, at the instant that it strikes 
the wheel, given, the height of head productive of such velo- 
city can be deduced, from acknowledged and experimented 
principles of hydrostatics : so that, by multiplying the quantity, 
or weight of water, really expended in a given time, by the 
height of a head so obtained, which must be considered as the 
height from which that weight of water had descended in that 
given time, we shall have a product, equal to the original 
power of the water, and clear of all uncertainty that would 
arise from the friction of the water in passing small apertures : 
and from all doubts, arising from the different measures of 
spouting waters, assigned by different authors. On the other 
hand, the sum of the weights raised by the action of this water, 
and of the weight required to overcome the friction and resistance 



* When the velocity of a moving force is unifoim, the space described is as 
the velocity; therefore, the power is proportional either to the force multiplied 
by the velocity, or the force multiplied by the space described. Hence, the 
slowness or quickness of the motion is indifferent, provided it be uniform ; and the 
word Power is used by the author to express a force acting with uniform intensity 
and uniform velocity. — £d. 
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of the machine^ multiplied by the height to which the weight 
can be raised in the time given, the product will be equal to the 
effect of that power ; and the proportion of the two products 
will be the proportion of the power to the effect ; so that by 
loading the wheel with different weights successively, we shall 
be able to determine at what particular load, and velocity of the 
wheel, the effect is a maximum. 

The manner of finding the real velocity of the water, at the 
instant of its striking the wheel ; the manner of finding the 
value of the friction, resistance, &c. in any given case ; and the 
manner of finding the real expense of water, so far as concerns 
the following experiments, without having recourse to theory ; 
being matters upon which the following determinations depend, 
it will be necessary to explain them. 

To determine the Velocity of the Water striking the Wheel. 

It has already been mentioned, in the reference to the figures, 
that weights are raised by a cord winding round a^ cylindrical 
part of the axis. First, then, let the wheel be put in motion by 
the water, but without any weights in the scale ; and let the 
number of turns in a minute be 60 : now it is evident, that 
was the wheel free from friction and resistance, that 60 times the 
circumference of the wheel would be the space through which 
the water would have moved in a minute, with that velocity 
wherewith it struck the wheel ; but the wheel being encumbered 
by friction and resistance, and yet moving 60 turns in a minute, 
it is plain that the velocity of the water must have been greater 
than 60 circumferences before it met with the wheel. Let now 
the cord be wound round the cylinder, but contrary to the usual 
way, and put a weight in the scale; the weight so disposed 
(which may be called the counter-weight) will endeavour to 
assist the wheel in turning the same way as it would have been 
turned by the water : put, therefore, as much weight into the 
scale as, without any water, will cause it to turn somewhat 
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faster than at the rate of 60 tarns in a minute ; suppose 63 ; 
let it now be tried again by the water, assisted by the weight ; 
the wheel, therefore, will now make more than 60 turns ; sup- 
pose 64 : hence we conclude the water still exerts some power 
in giving motion to the wheel. Let the weight be again in- 
creased so as to make 64^ turns in a minute without water : 
let it once more be tried with water as before ; and suppose it 
now to make the same number of turns with water as without, 
viz. 64^^ : hence, it is evident, that in this case the wheel makes 
the same number of turns in a minute, as it would do if the 
wheel had no friction or resistance at all, because the weight is 
equivalent thereto ; for, was it too little, the water would acce- 
lerate the wheel beyond the weight, aud^ if too great, retard it ; 
so that the water now becomes a regulator of the wheel's motion ; 
and the velocity of its circumference becomes a measure of the 
velocity of the water. 

In like manner, in seeking the greatest product or maximum 
of effect, having found by trials what weight gives the greatest 
product, by simply multiplying the weight in the scale by the 
number of turns of the wheels find what weight in the scale, 
when the cord is on the contrary side of the cylinder, will cause 
the wheel to make the same number of turns the same way, 
without water. It is evident that this weight will be nearly 
equal to all friction and resistance taken together ; and, conse- 
quently, that the weight in the scale, with twice* the weight of 
the scale, added to the back or counter-weight, will be equal to 
the weight that could have been raised, supposing the machine 
had been without friction or resistance ; and which multiplied 
by the height to which it was raised, the product will be the 
greatest effect of that power .f 



* The weight of the scale makes part of the weight both ways, 
t This method of finding the friction does not give the actual resistance when 
the maximum power and load was upon the wheel, but only the friction from the 
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The Quantity of Water expended is found thus: — 

The pump made use of for replenishing the. head with water 
was so carefully made^ that, no water escaping back by the lea- 
thers^ it delivered the same quantity of water at every stroke, 
whether worked quick or slow ; and as the length of the stroke 
was limited, consequently, the value of one stroke (or, on account 
of more exactness, 12 strokes) was known by the height to 
which the water was thereby raised in the head ; which, being 
of a regular figure, was easily measured. The sluice, by which 
the water was drawn upon the wheel, was made to stop at cer- 
tain heights by a peg ; so that when the peg was in the same 
hole, the aperture for the effluent water was the same. Hence 
the quantity of water expended by any given head, and opening 
of the sluice, may be obtained : for, by observing how many 
strokes a minute was sufficient to keep up the surface of the 
water at the given height, and multiplying the number of strokes 
by the value of each, the water expended by any given aperture 
and head in a given time will be given. 

These things will be further illustrated by going over the 
calculus of one set of experiments. 

Specimen of a Set of Experiments. 

The sluice drawn to the first hole. 

The water above the floor of the si nice •• 30 inches. 

Strokes of the pump in a minute 39|^ 

The head raised by twelve Strokes 21 

The wheel raised the empty scale, and made turns in a min. 80 

With a counter weight of lib. 8 oz. it made 86 

Ditto, tried with water 86 



weight of the apparatus when moving at the velodty corresponding to the maximum. 
Consequently, the effect is every where estimated at less than its true value : this 
unforeseen circumstance cannot now be corrected.— Ed. 
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No. Weight. Tans in a Min. Product. 

lb. oz. 

1 4 45 180 

2 5 42 210 

3 6 86^ 217^ 

4 7 83| 236^ 

5 8 30 240 maximum; 

6 9 2^ 238^ 

7 10 22 220 

8 -^—^ 11 p 16J 181^ 

9 12 * ceased working. 

Counter-weight, for 30 turns without water, 2 oz. in the scale. 

N.B. The area of the head was 105*8 square inches. 
Weight of the empty scale and pulley, 10 oz. 
Circumference of the cylinder, 9 inches. 
Circumference of the water-wheel, 76 ditto. 



Reduction of the above Set of Experiments. 

The circumference of the wheel, 76 inches, multiplied by 
86 turns, gives 6460 inches for the velocity of the water in a 
minute ; -^-q of which will be the velocity in a second, equal to 
107-6 inches, or 8*96 feet, which is due to a head of 16 inchest; 
and this we call the virtual or effective head, j; 



* N. B. When the wheel moves so slow as not to rid the water so fast as sup- 
plied hy the sluice, the aocumulated water falls back upon the aperture, and the 
wheel immediately ceases moving. 

-f This is determined upon the common maxim of hydrostatics, that the velocity 
of spouting waters is equal to the velocity that a heavy body would ai^guire in 
falling from the height of the reservoir ; and is proved by the rising of jets to the 
height of their reservoirs nearly. 

:J: The effective head differs from the real head by the velocity lost by the fluid 
in issuing through the sluice aperture, and the friction of the channel ; and the 
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The area of the head being 105*8 inches, this multiplied by 
the weight of water of the inch cubic, equal to the decimal 
•679 of the ounce avoirdupoise, gives 61*26 ounces for the 
weight of as much water, as is contained in the head, upon 
1 inch in depth, -^ of which is 3*83 pounds : this multiplied 
by the depth 21 inches, gives 80*43 lbs. for the value of 
12 strokes; and, by proportion, 39 J (the number made in 
a minute) will give 264*7 lbs. the weight of water expended 
in a minute. 

Now, as 264*7 lbs. of water may be considered as having 
descended through a space of 16 inches in a minute, the 
product of these two numbers,. 3970, will express the power 
of the water to produce mechanical effects ; which were as 
follow : 

The velocity of the wheel at the maximum^ as appears above, 
was 30 turns in a minute ; which, multiplied by 9 inches, the 
circumference of the cylinder, makes 270 inches : but, as the 
scale was hung by a pulley and double line, the weight was 
only raised half of this, viz. 136 inches. 

lbs. oz. 
The weight in the scale at the maximum 8 

Weight of the scale and pulley 10 

Counter-weight, scale, and pulley 12 

Sum of the resistances 9 6 

or lbs. 9*376. 

Now, as 9*376 lbs. are raised 136 inches, these two numbers 
being multiplied together, the product is 1266, which expresses 
the effect produced at a maximum : so that the proportion of 
the power to the effect is as 3970 : 1266, or as 10 : 3*18. 

comparison of the effective and real heads ought to afford us the measure of the 
discharge from such an aperture, were it not that the motion of the pump appears 
to have affected the results.— Ed. 
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But though this is the greatest single eflFect producible from 
the power mentioned, by the impulse of the water upon an un- 
dershot wheel ; yet, as the whole power of the water is not ex- 
hausted thereby, this will not be the true ratio between the 
power of the water and the sum of all the effects producible 
therefrom : for as the water must necessarily leave the wheel 
with a velocity equal to the wheel's circumference, it is plain 
that some part of the power of the water must remain after 
quitting the wheel. 

The velocity of the wheel at the maximum is 30 turns in a 
minute : and, consequently, its circumference moves at the rate 
of 3*123 feet a second, which answers to a head 1*82 inches; 
this being multiplied by the expense of water in a minute, viz. 
264*7 lbs. produces 481 for the power remaining in the water 
after it has passed the wheel : this being, therefore, deducted 
from the original power 3970, leaves 3489, which is thatjpar^ 
of the power which is spent in producing the effect 1266 ; and, 
consequently, the part of the power spent in producing the 
effect, is to the greatest effect producible thereby, as 
3489 : 1266 : : 10 : 3*62, or as 11 to 4. 

The velocity of the water striking the wheel has been de- 
termined to be equal to 86 circumferences of the wheel per 
minute, and the velocity of the wheel at the maximum to be 
30 ; the velocity of the water will, therefore, be to that of the 
wheel as 86 to 30 : or as 10 to 3*6, or as 20 to 7. 

The locul at the maximum has been shewn to be equal to 9 lbs. 
6 oz. and that the wheel ceased moving with 12 lbs. in the 
scale ; to which if the weight of the scale is added, viz. 10 
ounces,* the proportion will^ be nearly as 3 to 4 between 



* The reBistance of the air in this case ceases, and the frictien is not added, as 
12 lbs. in the scale were sufficient to stop the wheel after it had been in fall motion ; 
and, therefore, somewhat more than a counterbalance to the impulse of the water. 
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the load at the maximum, and that by which the wheel is 
stopped. 

It is somewhat remarkable, that though the velocity of the 
wheel, in relation to the water, turns out greater than J of the 
velocity of the water, yet the impulse of the water in the case 
of a maximum is more than double of what is assigned by 
theory; that is, instead of^of the column, it is nearly equal 
to the whole column.* 



* A brief analysis of the theory of undershot wheels wiU, perhaps, set some of 
these questions at rest, though conducted by an indirect process. 

The power of the water is equal to the velocity and pressure due to the effective 
head. 

The resistance, reduced to the circumference of the wheel, is equal to the 
weight raised, added to the friction of the machine when raising that weight, 
multiplied by the velocity of the wheel. 

The maximum of useful effect takes place when the greatest weight is raised 
with the greatest velocity. 

Let P be the pressure due to the effective head, and V the velocity due to the 
same head ; and v the velocity of the wheel. 

Also, suppose the velocity with which the water quits the wheel, to be n times 
the velocity of the wheel, orn t; ; for it may easily be proved, either by theory or 
experiment, that it must escape with a greater velocity than the wheel, if not 
confined to it for a definite portion of its revolution ; while, it is self-evident, that 
it cannot escape with a less velocity than that of the wheel ; and that, therefore, 
the greatest effect of the stream can be procured only when the water quits with 
the same velocity as the wheel. The determination of the portion of the revolution 
I do not enter upon here, but merely the maximum as dependent on the relation 
between the velocity of the wheel, and that of the free stream. 

The effective pressures are as the squares of the velocities, in the uniform 
motions of fluids ; hence, 

n^v^ P 
V2 : «2|;2 :: p : = the force of the stream 

when it quits the wheel, hence 

"" "-rri — = t^® force communicated to the wheel ; 

which being multiplied by the velocity of the wheel, and the co-efficient a, as an 
approximate measure of the increase due to the slow motion of the wheel, we 
have 

a P (» — -TTT-) = the power of the water on the 

wheeL 
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It must be remembered, therefore, that in the present case, 
the wheel was not placed in an open river, where the natural 
current, after it. has communicated its impulse to the float, has 



If R be the working resistance, and / R the friction, both redaoed to their 
effect at the circumference of the wheel, then, neglecting the friction due to the 
weight of the machine, (R-i-/R)t;=Rt; (1+/)= the total resistance, of 
which Ro is to be the greatest possible; therefore. 



Pa / n^v^ 



("-"4?)= 



a maximum; or, 



1+/' 

V*»— w^t?':= a maximum. -Whence its fluxion V^v—Sn^v^vsro, and, con- 

8equently,V2=3n«v«,orvw=— ==-6774V; and v= . 

>/3 n 

The effect of an undershot water-wheel is therefore a maximum when the 
stream escapes with 0*5774 times the velocity with which the water first strikes 
the wheel. 

Again, the effective or useful pressure communicated to the wheel is 



Pa /V2— n2i?«\ V2 

J . ^ ^ y5 J ; and substituting for t?« its value -^ i 



^ -.n — JL'i — And when not reduced for friction, 4 P a 



1+/' ^' 3(1-+-/) 

The resistance at the maximum is to the resistance that would stop the wheel 
as 2 a : 3. Hence, by theory, the force is greater than two-thirds of the column, 
and the velocity greater than one-third of that of the water. 

Also, if the friction were a constant fraction of the pressure, the load at the 

maximum would be to the load that stops the wheel as 2 a : 3. But the friction 

cannot be a constant fraction in the same machine, because it depends on the 

weight of the wheel and apparatus, and the pressure and resistance ; the one part 

of which is invariable and the other variable. 

•5774 V 2 Pa 

Having found the velocity of the wheel to be , and the pressure 

n 3 

,. V, ^ .„ u 2x-5774PVa -3849 PVa ^^ . , , . 

the whole effect will be = . That is, the ratio of 

3n n 

the power of the water is to the whole effect, including friction, as 10 : 3*849, when 

the water is confined to the wheel so as to escape at the same velocity. 

If we allow one-sixth of the stress to be expended in friction and bending the 

cord, the least certainly that would take place in the apparatus, the ratio of the 

power to the effect, as given in the table, will be as 10 : 3*2, the constant part of 

the friction being there allowed for. 
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room on all sides to escape^ as the theoiy supposes; but in a 
conduit^ or race, to which the float being adapted, the water 
cannot otherwise escape than by moving along with the wheel. 
It is observable, that a wheel working in this manner, as soon 
as the water meets the float, receiving a sudden check, it rises 
up against the float, like a wave against a fixed object ; inso- 
much that when the sheet of water is not a quarter of an inch 
thick before it meets the float, yet this sheet will act upon the 
whole surface of a float, whose height is three inches ; and con- 
sequently was the float no higher than the thickness of the sheet 
of water, as the theory also supposes, a great part of the force 
would have been lost, by tfie water dashing over the float.* 

In further confirmation of what is already delivered, I have 
adjoined a table (Table I), containing the result of 27 sets 



This result does not differ more from the experiments than they differ from 
each other. 

The theory alladed to in the text, is founded on the supposition that the water 
simply strikes against the floats, and does not foUow them ; but the supposition is 
not true, and therefore the calculations do not agree with experiment. 

Another mode of calculation was proposed by Don George Juan, and followed 
by M. Prony, but its non-accordance with some of the results of observation ren- 
dered it necessary to examine the question anew. — £d. 

* Since the above was written, I find tliat Professor Euler, in the Berlin 
Acts for the year 1748, in a memoir entitled Maxims pour arranger le plus 
avantageusement les Machines desHne^s cL elever de l*Eau par le moyen de Pompes, 
page 192, $ 9, has the following passage; which seems to be the more remarkable, 
as I do not find he has given any demonstration of the principle therein contained, 
either from theory or experiment ; or has made any use thereof in his calcula- 
tions on this subject: — ^^ Gependant dans ce cas puisque Teau est reflechie, ec 
qu'elle decoule sur les aubes vers, les cot6s, elle y exerce encore une force par- 
ticuliere, dont Teffet de Timpulsion sera augment^ ; et experience joiute a ,1a 
theorie a fait voir que dans ce cas, la force est presque double; de sorte qu'il faut 
prendre le double de la section du fil d'eau pour ce qui repond dans ce cas ii la 
surface des aubes, poiirvu qu'elles soient assez larges pour rece voir ce supplement 
de force. Car si les aubes n'^toient plus larges que le fil, on trait d'eau on ne 
devroit prendre qu*une simple section, tout conune dans le premier cas, on Taube 
toute entidre est papp^e par Teau." 
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of experiments, made and reduced in the manner above speci- 
fied. What remains of the theory of undershot wheels, will na- 
turally follow from a comparison of the different experiments 
together. 

TABLE I. 



I 

I 



Ed 
O 



H 

Cm 






I 



i 

h 
If 

5s 



1 
2 
3 
4 
5 
6 
7 
8 
9 
10 



In. 
3388 
3086 
2782 
24178 
2l|75 
18:70 
1565 
1260 
952 
642 



In. 
16-85 
150 
137 
12-3 
11-4 
9-96 
8-54 
7-29 
6-47 
3-55 



30- 
30- 
28- 
27-7 

26-9 

23-5 

23-4 

22- 

19- 

16- 



oz. 
13 10 
12 10 
11 2 
9 10 
8 10 
6 10 
5 2 
3 10 
2 12 
1 12 



275- 

264-7 

243- 

235- 

214- 

199- 

41 178-5 

6 161- 

8 134- 

10 114- 



4358 
3970 
3329 
2890 
2439 
1970 
1524 
1173 
733 
404-7 



1411 

1266 

1044 
901-4 
735-7 
561-8 
442-5 
328- 
213-7 
117 



10:3-24 

10:3-2 

10:315 

10:312 

10:302 

10:2-85 

10:2-9 

10:28 

10:29 

10:2-82 



10:3-4 

10:3-5 

10:3-4 

10:3-55 

10:3-45 

10:33i 

10:3-6 

10:3-77 

10:3 65 

10:38 



10:7-75 

10:7-4 

10:7-5 

10:7-53 

10:7-32 

10:8-02 

10:8-3 

10:91 

10:91 

10:93 



At 
the 
1st 
hole 



84 14-2 



81 



1872 

15 

1263 
9;66 
646 



13-5 
106 
96 
8-0 
6-37 
4-25 



30-75 

29- 

26- 

25- 

26- 

23- 

21- 



13 10 

11 10 

9 10 

7 10 

5 10 

4 

2 8 



10 14 342- 
9 6I297- 
8 7i285- 
6 141 277- 
4 141234- 
3 13,201- 
2 4 167-5 



4890 
4009 
2993 
2659 
1872 
1280 
712 



1506 
1223 
975 

774 
549 
390 
212 



10:3-075 

10:301 

10--3 25 

10:292 

10:2-94 

10:3-05 

10:2 98 



10:3 66 10:7-9 
10:3-62 10:805 



10:36 

10:362 

10:397 

10;4l 

10:4-55 



10:8-76 

10:9- 

10:8-7 

10:9-5 

10:9- 



18 
19 
20 
21 

22 
23 
24 



1572 10-5 
12|66 8-75 



968 
6'48 



6-8 

4-7 



26-75 

24-5 

23-5 



11 10 
8 10 
5 8 
3 2 



9 6 357- 

7 6330- 

5 0, 255- 

3 0! 228- 



3748 
2887 
1734 
1064 



1210 
878 
541 
317 



10:3-23 
10:3-05 
10:301 
10:299 



10:402 
10:405 
10:4-22 
10:4-9 



10:805 
10:8-1 
10:91 
10:9'6 



The 
3d. 



12'68 9-3 
9|58i 6-8 
6,48, 4-7 



27- 

26-26 

245 



9 2 
6 2 
3 12 



8 6 359- 
5 13|332- 
3 8: 262- 



3338 
2257 
1231 



1006 
686 
385 



10:302 
10:3-04 
10:313 



10:3-97 
10:4-52 
10:5-1 



10:9-17 

10:95 

10:9-35 



25 
26 

27 



9j60 7 29 
660' 6-03 



50 5-03 



27-3 
24-6 

26- 



6 12 
4 6 

4 16 



6 6 
4 1 

4~9 



1. 2. 3.1 4. 



355- 
307- 

360" 



2588 
1544 

1811 



785 
450 

If 
534 

10. 



10:3 03 
10:292 

10:295 

11. 



10:4-55 
10:49 

10:5-2 

12. 



10:9-45 
10:93 

10:9-26 

13. 
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MAXIMS AND OBSERVATIONS DEDUCED FROM THE FOREGOING 
TABLE OF EXPERIMENTS. 

Maxim I. That the virtual or effective head being the same^ 
the effect will be nearly a$ the quantity of water expended.* 

This will appear by comparing the contents of the columns 
4, 8, and 10, in the foregoing sets of experiments ; as for 

Example 1st, taken from No. 8 and 25. viz. 

No. Virtual Head. Water expended. Effect. 

8 7-29 161 328 

25 7-29 355 785 

Now the heads being equal, if the effects are proportioned to 
the water expended, we shall have by maxim Ist, 161 : 355 : : 
328 : 723; but 723 falls short of 785, as it turns out in ex- 
periment,- according to No. 25, by 62 ; the effect therefore of 
No. 25, compared with No. 8, is greater than according to the 
present maxim in the ratio of 14 to 13. 

* When P 18 the pressure of the effective head, and V the velocity, it is shewn 
in the note on page 14, that the effect at the maximum is *3849 P V. Now when P 
is constant, the effect varies, as the velocity V ; and the quantity of water flowing 
in a given time being as the velocity, therefore the effect must be as the quantity 
of water expended, all other circumstances being the same. — Ed. 



EXPERIMENTAL INQUIRY, &C. 



19 



The foregoing example, with four similar ones, are seen at 
one view in the following Table. 



Proportional 
Variation. 
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Hence, therefore, in comparing different experiments, as 
some fall short, and others exceed the maximum, and all agree 
therewith, as near as can be expected, in an affair where so 
many different circumstances are concerned, we may, according 
to the laws of reasoning by induction, conclude the maxim 
true: viz., that the effects are nearly as the quantity of water 
expended. 

Maxim II. That the expense of water being jthe same^ the 
effect will be nearly as the height cf the virtual or effective 
head** 

This also will appear by comparing the contents of columns 
4, 8, and 10, in any of the sets of experiments. 

Example \st of No 2, and No. 24, viz. 

No. Virt. Head. Expense. Effect. 

2 15 264-7 1266 

24 — 4-7 262 — 385 

Now, as the expenses are not quite equal, we must propor- 
tion one of the effects accordingly : thus, 

by maxim 1st. . 262 : 2647 : : 385 : 389 
and by max. 2d 15 : 4*7 : : 1266 : 397 

Difference 8 

The effect, therefore, of No. 24, compared with No, 2, is 
less than according to the present maxim in the ratio of 49 : 50. 



* The pressure of tbe effective head is as the height of that head, and the area 
of the aperture, that is P : A a, where a is the area, and h the height of the effective 
head ; hence P V : haV. That is, the effect is directly as the head of water, the 
area of the aperture and the velocity. But when the expense is to he the same, the 
area of the aperture multiplied by the velocity must be constant ; whence the 
effect, in that ca»e, is simply as the effective head. — Ed. 
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The foregoing, and two other similar examples, are com- 
prised in the following Table : 



Proportional 
Variation. 
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Maxim III. That the qtjumtity of water expended being the same, 
the effect is nearly as the sqitare of its velocity.* 

This will appear by comparing the contents of columns 3, 8, 
and 10, in any of the sets of experiments ; as, for 

Example 1st, of No. 2, ivith No. 24, viz. 

No. Turnsinamio. Expense. Effect. 

2 86 264-7 1266 

24 48 262 385 

The velocity being as the number of turns, we shall have, 
by max. 1st, 262 : 264-7 : : 385 : 389 
and by max 3d,| ^^^^ ; ^^^^^J : : 1266 : 394 

Difference 5 

The effect, therefore, of No. 24, compared with No. 2, is less 
than by the present maxim in the ratio of 78 : 79. 

The foregoing, and three other similar examples, are com- 
prised in the following Table : 



* In the last note (p. 20) it is shewn that the expense of water heing the 
same, the effect is as the effective head ; hut the square of the velocity of water 
flowing from an aperture also varies as the effective head, consequently the effect 
will vary as the square of the velocity when the expense of water is the same.— Ed. 
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Maxim IV. The aperture being the same^ the effect will he 
nearly as the cube of the velocity of the water.* 

This, also, will appear by comparing the contents of columns 
3, 8, and 10 ; as, for 

Example \st oflSo. 1, and No. 10, viz. 

No. Turns. Expense. Effect. 

1 88 275 1411 

10 42 114 117 

Lemma. It must here be observed, that if water passes out 
of an aperture, in the same section, but with difierent velocities, 
the expense will be proportional to the velocity ; and, therefore, 
conversely, if the expense is not proportional to the velocity, 
the section of the water is not the same. 

Now, comparing the water discharged with the turns of 
Nos. 1 and 10, we shall have 88 : 42 : : 275 : 131-2; but the 
water discharged by No. 10 is only 114 lbs. ; therefore, though 
the sluice were drawn to the same height in No. 10, as in No. 1, 
yet the section of the water passing out was less in No. 10 
than No. 1, in the proportion of 114 to 131*2; consequently, 
had the effective aperture or. section of the water been the 
same in No. 10 as in No. 1, so that 131-21bs. of water had 
been discharged instead of 114, the effect would have been 
increased in the same proportion ; that is, 

by the Lemma, 88 
by maxim 1st, 114 

andby max.4th,^ggj^^2 



42 : : 275 : 131-2 
131-2 : : 117 : 134-5 

74088} = ^ 1411 : 153-5 



Difference 19 

* It has been shewn (in note, p. 20) that the effect is as the head of water 
multiplied by the area of the aperture, and by the velocity ; and the square of the 
velocity being proportional to the head of water, the effect will vary as the area 
and cube of the velocity, or the aperture being constant as the cube of the 
velocity.— Ed. 
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The effect, therefore, of 10, compared with No. 1, is less 
than it ought to be by the present maxim in the ratio of 7 : 8. 

The foregoing, and three other similar examples, are contained 
in the following Table. 
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OBSERVATIONS. 

Obssrv. 1 . On comparing colamn 2d and 4tb, Tab. I. it is 
evident that the virtual head bears no certain proportion to the 
kmd of water ; but that when the aperture is greater, or the 
velocity of the water issuing therefrom less, they approach 
nearer to a coincidence ; and, consequently, in the large open- 
ings of mills and sluices, where great quantities of water are 
discharged from moderate heads, the head of water, and 
virtual head determined from the velocity, will nearly agree, 
as experience confirms.* 

Observ. 2. Upon comparing the several proportions be- 
tween the power and effect in column 11th, the most general 
is that of 10 to 3 ; the extremes, 10 to 3*2 and 10 to 2*8 ; but, 
as it is observable, that where the quantity of water, or the 
velocity thereof; that is, where the power is greatest, the 2d 
term of the ratio is greatest also : we may, therefore, well allow 
the proportion subsisting in large works, as 3 to 1. 

Observ. 3. The proportions of velocities between the water 
and the wheel in column 12, are contained in the limits of 3 to 1 
and 2 to 1 ^ but, as the greater velocities approach the limit of 
3 to 1, and the greater quantities of water approach to that of 
2 to 1, the best, general proportion will be that of 5 to 2.t 



* It has been already remarked in a note on p. II, that the motion of the water 
through the aperture must have been disturbed by the action of the pump, and 
which, of course, would not affect the result in practical cases. The actual allow- 
ance in practice for excess of the real head aliove the effective one must depend on 
the nature of the contractions that will take place before the water arrives at the 
wheel. — Ed. 

f The ratio was contained between the limits of 3 to 1 and 1*92 to 1. In theory 
It may be contained between 3 to 1 and 1*732 to I, and the later ratio will always 
have place when the water is retained to the wheel till it quits it with the wheers 
velocity.— .Ed. 
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Observ. 4. On compariDg the numbers in column 13, it 
appears that there is no certain ratio between the load that the 
wheel will carry at its maoctmum^ and what will totally stop it ; 
but that they are contained within the limits of 20 to 19^ and 
of 20 to 15 ; but, as the efiect approaches nearest to the ratio of 
20 to 15, or of 4 to 3, when the power is greatest, whether by 
increase of velocity, or quantity of water, this seems to be the 
most applicable to large works ; but as the load that a wheel 
ought to have, in order to work to the best advantage, can be 
assigned, by knowing the effect it ought to produce, and the 
velocity it ought to have in producing it, the exact knowledge 
of the greatest load it will bear, is of the less consequence in 
practice. * v 

It is to be noted, that in all the examples under the last three 
of the four preceding maxims, the effect of the lesser power 
falls short of its due proportion to the greater, when compared 
by its maxim ; except the last example of maxim 4th : and 
hence, if the experiments are taken strictly, we must infer, 
that the effects increase and diminish in a higher ratio than 
those maxims suppose : but as the deviation is not very con- 
siderable, the greatest being about l-8th of the quantity in 
question : and as it is not easy to make experiments of so com- 
pounded a nature with absolute precision, we may rather sup- 
pose, that the lesser power is attended with some friction, or 
works under some disadvantage, which has not been duly ac- 
counted for; and, therefore, we may conclude, that these maxims 
will hold very nearly when applied to works in large. 

After the experiments above-mentioned were tried, the 
wheel, which had originally 24 floats, -was reduced to twelve ; 
which caused a diminution in the effect, on account of a 
greater quantity of water escaping between the floats and the 
floor ; but a circular sweep being adapted thereto, of such a 
length, that one float entered the curve before the preceding 
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one quitted it, the effect came so near to the former, as not to 
give hopes of advancing it by increasing the number of floats 
beyond 24 in this particular wheel* 



THE FOLLOWING 



EXPERIMENTS MADE BY L'ABBE BOSSDT ON 
UNDERSHOT WHEELS. 

ARE ADDED BY THE EDITOR.^ 

BossuT*s Experiments on Undershot water-wheels are interesting, 
because they not only confirm the results, but also include circum- 
stances not tried by Smeaton. Bossut tried tlie effect in a close canal, 
and in an open stream, and in both cases varied the number of floats. 

The experiments in the close canal were made with a wheel, of 
which the extreme diameter was 3 feet l^ inches, 5 inches in breadth, 
and the depth of the floats, from 4 to 5 inches ; the axis of the wheel 
which received the cord, 2 inches diameter, and the diameter of the 
gudgeons, 2j^ lines ; the diameter of the pulley, 3| inches, and of its 
axis, 2f lines ; and the diameter of the cord, 2 lines. The wheel was 
suspended freely on its axis, and within half a line of the bottom of 
the canal. The sluice was raised one inch, and the velocity of the 
current was 300 feet in 33 seconds. 

Thfe dimensions are in the French measures, and the weight the 
French pound. 



* It seems that the construction indicated here, and practised by the author in 
his works, has been lately rewarded as a new discovery by the/French Academy.^ 
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Number of 
float-boards. 


Weight raised ^ 
in lbs. 


Number of turns 

of the wheel in a 

minute. 


Frodnct of the 

turns by the 

veight raised. 


48 
48 
24 
24 
12 
12 


12 
16 
12 
16 
12 
16 


33t 
284 
29 

19i 


399 
456 
348 
408 
306 
308 


With the sluice raised 1 inch, velocity of the stream 300 feet in 30 seconds. 


48 
48 
24 
24 
12 
12 


12 
16 
12 
16 
12 
16 


4H 

39 

38 

35^ 

31i 

28| 


510 
624 
556 
568 
375 
345 



From these experiments it appears that, in a close canal, the 
effect with 48 floats on a wheel of 3 feet 1 ^ inch diameter, is greater 
than that with a less number. The arc immersed was about a siitteenth 

part of the circumference of the wheel. 

« 

It had been observed, by Bossut, that the water-wheels used on 
rivers had a less number of float-boards ; and the object of his next 
experiment was to determine whether the variation in practice would be 
justified by experiment or not. In the wheel used in these experiments 
the external diameter was 3 feet; the breadth, 6 inches ; and the depth 
of the float boards, 6 inches. The diameter of the barrel round which 
the cord wound was 2^ inches ; that of the gudgeons, -} of an inch. 
The pulley and cord the same as before. The whole weight of the 
moving parts of the apparatus was 44 lbs. 



The 'experiments were made in an open current between 12 and 13 
feet wide, and seven or eight inches deep, and the machine supported 
so as not to interfere with the motion of the stream. The float boards 
were immersed to the depth of four inches. 
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Number of 
floats. 


Weight raised 
in pounds. 


Number of turns 

of the wheel in a 

minute. 


Prodnetofthe 
tumi by the load. 


V 

48 
24 
24 
12 


24 
24 
40 
40 


27i| 
19H 


6574 

935 
779 



It appears from these trials that the wheel had very little more 
effect with 48 boards than with 24, but that the difference between 
the effect of 24 and 12 is very considerable, the former being deci- 
dedly better : consequently less than 24, when the wheel dips two- 
ninths of its circumference, ought not to be used. 



Bossut's next objects were to determine the relation between the 
Telocity of the stream and that of the wheel in each of these cases, 
when a maximum of useful effect was obtained, using the same wheel 
for both cases as the last described trial was made with : he obtained 
the results given in the following tables. 

EXPERIMENTS IN A CLOSE CANAL. 

Sluice raised 2 inches, the velocity of stream 300 feet in 27 
seconds, and 48 float boards to the wheel. 



Weight raiMd ia 
pounds. 


Number of turni (tf 
the wheel in 40 


Product of the weight 

raised by the No. 

of turns. 


30| 
31 

3H 
32 

324 

33 

33| 

34 

35 

3^ 

36 


22i 

22| 

212 

21| 

21^ 

21^ 

20ii 

20f 

20t^ 

19H 

18t^ 


678| 

684| 

689 

693 

696 

6984 
' 700f 

703 

7044 max. 

697 
, 685 

669 
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The velocity of the stream is to the velocity of the exterior circum- 
ference of the wheel as 10 is to 4-32 when the power is a maximum. 
But the velocity of the centre of impression ought to be considered the 
velocity of the wheel, and then the ratio is as 10 : 4*1. 

EXPERIMENTS IN AN OPEN STREAM. 

Velocity of the stream 68^ inches per second ; the float boards 
dipping 4 inches into the water, and the wheel had 24 float boards. 



M'^eigbt raised in 
pounds. 


Number of turns of 

the wheel in 40 

seconds. 


Product of the weight 

by the number of 

turns. 


30 




523| 


35 


57Si 


40 


15tV 


623i 


45 


i4i* 


659 


50 


13ii 


685^ 


55 


im 


702^ 


56 


I'^ij 


704| 


57 


im 


7064 


58 


12^ 


708 


59 


I2A 


709i 


60 


iif 


710 max. 


61 


Hi 


709 


62 


"H 


706i 


63 


ii^y 


702 


64 




695 


65 


10|^ 


684 


66 


IOtV 


664 



The velocity of the stream is to the velocity of the exterior edges of 
the float-boards at the maximum as 10 is to 4*9 nearly, and to the 
velocity of the centre of impression as 10 is to 4-35. Hence it appears 
that the relation between the velocity of the stream and that of the 
wheel is about the same, whether it be in an open stream or in a 
confined channel. 



The slow change in the eflect, when the relation of the velocities is 
only slightly varied from the maximum, shews that we may in practice 
be satisfied with a near approximation to it. 
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It has generally been supposed that inclining the float-boards 
added to the power of the wheel ; we shall, therefore, add the most 
accurate of Bossut's experiments on this point. 



12 float-boardfl 
dipping into the 
stream 4 inches. 


Weight railed 
in pounds. 


Number of turns 

of the wheel in 40 

seconds. 


Product of the 

number of turns 

by the weight. 


direct 

inclined 15° 
inclined 30° 
inclined 37° 


40 
40- 
40- 
40- 


13H 


534 
577i 

.578J 
572| 



It appears from these trials that the greatest effect was obtained 
when the inclination of the floats to the radius was from 15° to 30°. 



Bossut applied the term direct to the positipn when the plane of 
the float was directed to the centre of the wheel* — Ed. 



PART II. 



ON OVERSHOT WHEELS. 



Read before the Royal Society, May 24, 1759. 



Ik the former part of this essay, we have considered the im- 
pulse of a confined stream, acting on Undershot Wheels. We 
now proceed to examine the power and application of water, 
when acting by its gravity on Overshot Wheels. 

In reasoning without experiment, one might be led to ima- 
gine, that however different the mode of application is, yet 
that whenever the same quantity of water descends through 
the same perpendicular space, that the natural effective power 
would be equal : supposing the machinery free from friction, 
equally calculated to receive the full effect of the power, and 
to make the most of it : for if we suppose the height of a 
column of water to be 30 inches, and resting upon a base or 
aperture of one square inch, every cubic inch of water that 
departs therefrom will acquire the same velocity, or momenr 
tuniy from the uniform pressure of 30 cubic inches above it, 
that one cubic inch let fall from the top will acquire in falling 
down to the level of the aperture ; viz. such a velocity as, in 
a contrary direction, would carry it to the level from whence 
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it fell ;* one would therefore suppose, that a cubic inch of 
water let fall through a space of thirty inches, and there 
impinging upon another body, would be capable of producing 
an equal effect by collision, as if the same cubic inch had 
descended through the same space with a slower motion, and 
produced its effects gradually ; for, in both cases, gravity acts 
upon an equal quantity of matter, through an equal space ;t 
and, consequently, that whatever was the ratio between the 
power and effect in undershot wheels, the same would obtain 
in overshot, and, indeed, in all others ; yet, however conclusive 
this reasoning may seem, it will appear in the course of the 
following deductions, that the effect of the gravity of descend- 
ing bodies is very different from the effect of the stroke of such 
as are non-elastic, though generated by an equal mechanical 
power. 

The alterations in the machinery already described, to ac- 
commodate the same for experiments on overshot wheels, were 
principally as follows : — 

Plate 11. Fig. 2. The sluice I b being shut down, the rod 
H I was unscrewed and taken off. 

The undershot water-wheel was taken off the axis, and in- 
stead thereof, an overshot wheel of the same diameter was put 
into its place. Note. This wheel was two inches in the shroud, 
or depth of the bucket : the number of the buckets was 36. 



* This is a conseqnence of the risiog of jets to the height of their reservoirs 
nearly. 

f Gravity, it is trae, acts a longer space of time upon the body that descends 
slour than upon that which falls quick ; but this cannot occasion the difference 
in the effect : for an elastic body falling through the same space in the same time, 
wiU, by collision upon another elastic body, rebound nearly to the height from 
which it fell ; or by communicating its motion, cause an equal one to ascend to the 
same height. 
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The standards^ S and T, Fig. \y were raised half an inch^ so 
that the bottom of the wheel might be clear of stagnant water. 

A trunk; for bringing the water upon the wheel, was fixed 
according to the dotted lines /g, Fig. 2. The aperture was 
adjusted by a shuttle h i, which also closed up the outer end of 
the trunk, when the water was to be stopped. 

Fiff. 3. The ratchet o o not being of one piece of metal with 
the ferrule ee^iiy (though so described before, to prevent unne- 
cessary distinctions) was, with its catch, turned the contrary 
side : consequently, the movable barrel would do its office 
equally, notwithstanding the water-wheel, when at work, 
moved the contrary way. 

Specimen of a Set of JExperiments. 

Head 6 inches. 

f 14J strokes of the pump in a minute, 12 ditto = SOlb."* 
Weight of the scale (being wet) 10 J oz. 
Counterweight for 20 turns, besides the scale, 3 oz. 

Weight 
No. in the Scale. Turns. Product ObienrationB. 



1 01b. — 60 



"1 Threw most part of 



2 1 56 y the water out of 

3 2 52 - 



) the wheel. 



4 3 49 147 1 Received the water 

5 4 47 188 > naore quietly 

6 5 45 225 

7 6 42i 255 

8 7 41 287 

9 8 38i 308 

* The small difference, in the value of 12 strokes of the pump, from the former 
experiments, was owing to a small difference in the length of the stroke, occasioned 
by the warping of the wood. 
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t Weight 

No. in the Scale. Turns. Product. Observations. 

10 9 lbs.— 36^ 328^ 

11 10 35^ 355 

12 11 32| 360^ 

13 12 31^ 375 

14 13 _ 28| 370^ 

15 14 27^ 385 

16 15 26 390 

17 16 2^ 392 

18 17 22| 386| 

19 18 21| 391|. 

20 19 20J 3941- ) 

^ * > maximum. 

21 20 19| 395 5 

22 21 \^ 388^ 

23 22 18 396 Worked irregular. 

24 23 Overset by its load. 

Reduction of the preceding Specimen. 

In these experiments the head heing 6 inches, and the 
height of the wheel 24 inches, the whole descent will be 30 
inches : the expense of water was 14 J strokes of the pump 
in a minute, whereof 12 contained 80 lbs. ; therefore the water 
expended in a minute was 96§lbs. which, multiplied by 30 
inches, gives the power = 2900. 

If we take the 20th experiment for the maximum^ we shall 
have 20| turns in a minute, each of which raised the weight 
4i inches, that is, 93*37 inches in a minute. The weight in 
the scale was 19 lbs., the weight of the scale 10^ oz. ; the coun- 
terweight 3 oz. in the scale, which, with "the weight of the 
scale, 10^ oz., makes in the whole 20 J lbs., which is the whole 
resistance or load: this, multiplied by 93-37 inches, makes 
1914 for the effect. 

The ratioy therefore, of the power and effect ^ will be as 
2900 : 1914, or as 10 : 6-6, or as 3 : 2 nearly. 
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But if we compute the power from the height of the wheel 
only, we shall have 96§ lbs. multiplied by 24 inches = 2320 
for the powevy and this will be to the effect as 2320 : 1914, or 
as 10 : 8-2, or as 5 : 4 nearly. 

The reduction of this specimen is set down in No. 9 of the 
following table ; and the rest were deduced from a similar set of 
experiments, reduced in the same manner. 

TABLE II. 

Containing the Result of Sixteen Sets of Experiments on 
Overshot Wheels. 



1 


1 


i 

a 

h 

1 


6 

II 


I' 

ir 
f 




1 


' 




1. 
ll 


i 


1 

2 
3 
4 
5 


Inches, 

27 
27 
27 
27 
27 


ib0, 

30 
63^ 


19 

16J 

20| 

204 

214 


lb: 
64 
14i 
124 
134 
164 


810 
15.30 
1630 
1710 
2070 


720 
1360 
1360 
1524 
1840 


666 
1060 
1167 
1245 
1600 


10:69 
10:6 9 
10:7-6 
10:7a 
10:7-3 


10:7-7 
10:7-8 
10:84 
10:8-2 
10:82 


i 

1 
? 


6 

7 


284 
284 


73i 
90§ 


18| 
20i 


204 


2090 
2766 


1764 
2320 


1476 
1868 


10:7- 
10:6 8 


10:8 4 
10:8- 


eo 



8 

9 

10 


30 
30 
30 


90 

96) 

113^ 


20 

20f 

21 


194 

204 


2700 
2900 
3400 


2160 
2320 
2720 


1766 
1914 
2221 


10:66 
10:6 6 
10:6-5 


10:81 
10:8-2 
10:8-2 


01 

CO 


]1 
12 
13 


33 
33 
33 


66§ 

106f 
146$ 


20i 
22| 
23 


134 
214 
274 


1870 
3520 
4840 


1360 
2500 
3520 


1230 
2163 
2846 


10:6 6 
10:61 
10:69 


10:9- 

10:8-4 

10:8-1 


© 


14 
15 
16 


36 
36 
35 


66 
120 
1634 


Si 

2d 


. 16* 

254 


2276 
4200 
6728 


1560 
2880 
3924 


1466 
2467 
2981 


10:6-5 
10:6 9 
10:5 2 


10:9 4 
10:8-6 
10:7-6 


© 


1. 


'2. 


3. 


4. 


5. 


6. 


7.. 


8. 


9. 


10. 


11. 
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OBSERVATIONS AND DEDUCTIONS FROM THE FOREGOING 
EXPERIMENTS. 

I. — Concerning the Ratio between the Power and Effect of 
Overshot Wheels. 

The effective power of the water mu8t be reckoned upon the 
whole descent ; because it must be raised that height, in order 
to be in a condition of producing the same effect a second time. 

The ratios between the powers so estimated, and the effects 
at the maximum, deduced from the several sets of experiments, 
are exhibited at one view in column 9. of Table II. ; and 
from hence it appears, that those ratios differ from that of 10 to 
7-6 to that of 10 : 6-2, that is, nearly from 4 : 3 to 4 : 2. In 
those experiments where the heads of water and quantities 
expended are least, the proportion is nearly as 4 : 3; but where 
the heads and quantities are greatest, it approaches nearer to 
that of 4 : 2 ; and, by a medium of the whole, the ratio is that 
of 3 :2 nearly. We have seen before, in our observations upon 
the effects of undershot wheels, that the general ratio of the 
power to the effect, when greatest, was 3:1; the effect, there- 
fore, of overshot wheels, under the same circumstances of quantity 
and fall, is at a medium double to that of the undershot : and, 
as a consequence thereof, that non-elastic bodies, when actinff by 
their impulse or collision, communicate only a part of their 
original power ; the other part being spent in changing their 
figure, in consequence of the stroke. 

The powers of water, computed from the height of the wheel 
only, compared with the effects, as in column 10, appear to ob- 
serve a more constant ratio : for, if we take the medium of each 
class, which is set down in column 11, we shall find the extremes 
to differ no more than from the ratio of 10:8*1 to that of 
10 : 8*5 ; and as the second term of the ratio gradually increases 
from 8*1 to 8*5, by an mcrease of head from 3 inches to 11, the 
excess of 8*5 above 8*1 is to be imputed to the superior impulse 
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of the water at the head of 11 inches above that of 3 inches : so 
that if we reduce 8*1 to 8, on account of the impulse of the 
3 inch head, we shall have the ratio of the power , computed upon 
the height of the wheel only^ to the effect at a maximum o^ 10:8 
or as b i^ nearly ; and from the equality of the ratio between 
power and effect, subsisting, where the constructions are similar, 
we must infer, that the effects^ as well as the powers, are as the 
quantities of water and perpendicular heights^ multiplied together 
respectively. 



II. — Concerning the most proper Height of the Wheel in pro- 
portion to the whole Descent. 

We have already seen, from the preceding observation, that 
the effect of the same quantity of water descending through 
the same perpendicular space, is double, when acting by its 
gravity upon an overshot wheel, to what the same produces 
when acting by its impulse upon ai^ undershot. It also ap- 
pears, that, by increasing the head from 3 inches to 11, that 
is, the whole descent, from 27 inches to 35, or in the ratio of 
7 to 9 nearly, the effect is advanced no more than in the ratio 
of 8*1 to 8'4, that is, as 7:7*26; and, consequently, the in- 
crease of effect is not l-7th of the increase of perpendicular 
height. Hence it follows, that the higher the wheel is in 
proportion to the whole descent ^ the greater will be the effect ; 
because it depends less upon the impulse of the head, and 
more upon the gravity of the water in the buckets : and if 
we consider how obliquely the water issuing from the head 
must strike the buckets, we shall not be at a loss to account 
for the little advantage that arises from the impulse thereof : 
and shall immediately see of how little consequence this impulse 
is to the effect of an overshot wheel. 

However, as every thing has its limits, so has this: for 
thus much is desirable, that the water shall have somewhat 
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greater velocity^ than the circumference of the wheels in coming 
thereon ; otherwise the wheel will not only be retarded by the 
buckets striking the water, but thereby dashing a part of it over, 
so much of the power is lost. 

The velocity that the circumference of the wheel ought to 
have, being known by the following deductions, the head re- 
quisite to give the water its proper velocity is easily computed 
from the common rules of hydrostatics ; and will be found 
much less than what is generally practised. 



III. — Concerning the Velocity of the Circumference of the 
Wheels in order to produce the greatest Effect. 

If a body is let fall freely from the surface of the head to the 
bottom of the descent, it will take a certain time in falling ; 
and, in this case, the whole action of gravity is spent in giving 
the body a certain velocity : but if this body, in falling, is made 
to act upon some other body, so as to produce a mechanical 
effect, the falling body will be retarded ; because a part of the 
action of gravity is then spent in producing the effect, and the 
remainder only giving motion to the falling body : and, there- 
fore, the slower a body descends^ the greater will be the portion of 
the action of gravity applicable to the producing a mechanical 
effect ; and, in consequence, the greater that effect may be. 

If a stream of water falls into the bucket of an overshot 
wheel, it is there retained until the wheel, by moving round, 
discharges it : of consequence the slower the wheel moves, the 
more water each bucket will receive ; so that what is lost in 
speed, is gained by the pressure of a greater quantity of water 
acting in the buckets at once; and, if considered only in this 
light, the mechanical power of an overshot wheel to produce 
effects will be equal, whether it move quick or slow : but if we 
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attend to what has been just now observed of the fallmg body, it 
will appear that so much of the action of gravity as is employed 
in giving the wheel and water therein a greater velocity, must 
be subtracted from its pressure upon the buckets, so that, though 
the product made by multiplying the number of cubic inches 
of water acting in the wheel at once by its velocity will be the 
same in all cases ; yet as each cubic inch, when the velocity is 
greater y does not press so much upon the bucket as when it is 
lessy the power of the water to produce effects will be greater 
in the less velocity than in the greater : and hence we are led 
to this general rule, that^ caeteris paribus, the less the velocity of 
the wheels the greater will be the effect thereof. A confirmation 
of this doctrine, together with the limits it is subject to in prac- 
tice, may be deduced from the foregoing specimen of a set of 
experiments. 

From these experiments it appears that, when the wheel 
made about 20 turns in a minute, the^ effect was near upon 
the greatest. When it made 30 turns, the effect was dimi- 
nished about ^^^ part ; but that when it made 40, it was dimi- 
nished about \ ; when it made less than 18^, its motion was 
irregular ; and when it was loaded so as not to admit its making 
18 turns, the wheel was overpowered by its load. 

It is an advantage in practice, that the velocity of the wheel 
should not be diminished further than what will procure some 
solid advantage in point of power; because, ccBteris paribtis, as 
the motion is slower, the buckets must be made larger ; and the 
wheel being more loaded with water, the stress upon every part 
of the work will be increased in proportion. The best velocity 
for practice J therefore, will be such as when the wheel here used 
made about 30 turns in a minute ; that is, when the velocity of 
the circumference is a little more than 3 feet in a second. 

Experience confirms that this velocity of 3 feet in a second 
is applicable to the highest overshot wheels, as well as the 
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lowest ; and all other parts of the work being properly adapted 
thereto, will produce very nearly the greatest effect possible : 
however, this also is certain from experience, that high wheels 
may deviate further from this rule, before they will lose their 
power, by a given^ aliquot part of the whole, than low ones can be 
admitted to do ; for a wheel of 24 feet high may move at the 
rate of six feet per second without losing any considerable part 
of its power ;* and, on the other hand, I have seen awheel of 33 
feet high, that has moved very steadily and well with a velocity 
but little exceeding 2 fieet.t 

IV. — Concerning the Load for an Overshot Wheel, in order 
that it may produce a Maximum. 

The maximum load for an overshot wheel is that which 
reduces the circumferences of the wheel to its proper velocity ; 
and this will be known by dividing the effect it ought to pro- 
duce in a given time by the space intended to be described 
by the circumference of the wheel in the same time: the 



* The 24 feet wheel going at 6 feet in a second seems owing to the small pro- 
portion that the head (requisite to give the water the proper velocity of the wheel) 
bears to the whole height. 

•f- In the whole of this reasoning it is evidently overlooked that the motion of 
a machine is one wherein the power and effect are equal at any uniform velocity. 
Hence, the advantage of slow motion at the wheel must be lost at the working 
point, and the true principles of adjusting the velocity must be to determine 
the conditions which g^ve the least stress on the machine, and fewest moving parts, 
and, therefore, least friction, without losing effect by the quantity of fall necessary 
to g^ve the water the same velocity as the wheel. There is another circumstance 
of much importance in practice; it is this— the water wheel which has a quick 
motion acts as a fly to regulate the motion of the machinery, whereas, if it move 
slowly, it requires regulation itself. This truth seems to have been ascertained 
by Smeaton at a later period; for, in 1796, we find him directing that an overshot 
wheel for an oil mill at Hull, of 27 feet diameter, should move at the rate of 9\ 
feet per second, and remarks that, with pace so slow as 3 feet per second, it 
might not move regularly and equally. (See Smeaton*s Reports, Vol. II. p. 401. 
Furst edition.— £d.) 
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qaotient will be the resistance overcame at the drcumference 
of the wheel ; and is equal to the load required, the friction and 
resistance of the machinery incladed. 

V« — Concerning tJie greatest possible Velocity of an Overshot 

Wheel. 

The greatest velocity that the circumference of an overshot 
wheel is capable of, depends jointly upon the diameter or height 
of the wheel, atid the velocity of falling bodies ; for it id plain 
that the velocity of the circumference can never be greater 
than to describe a semi-circumference, while a body let fall from 
the top of the wheel will descend through its diameter ; nor, 
indeed, quite so great, as a body descending through the same 
perpendicular space cannot perform the same in so small a time 
when passing through a semicircle, as would be done in a per- 
pendicular line. Thus, if a wheel is 16 feet 1 inch high, a 
body will fall through the diameter in one second : this wheel, 
therefore, can never arrive at a velocity equal to the making one 
turn in two seconds ; but, in reality^ an overshot wheel can 
never come near this velocity ; for when it acquires a certain 
speed, the greatest part of the water is prevented from entering 
the buckets ; and the rest, at a certain point of its descent, 
is thrown out again by the centrifugal force. This appears to 
have been the case in the three first experiments of the fore- 
going specimen; but, as the velocity, when this begins to 
happen, depends upon the form of the buckets, as well as other 
circumstances, the utmost velocity of overshot wheels is not to be 
determined generally: and, indeed, it is the less necessary in 
practice, as it is in this circumstance incapable of producing 
any mechanical effect^ for reasons already given. 

VI. — Concerning the greatest Load that an Overshot Wheel 

can overcome. 

The greatest had an overshot wheel will overcome^ considered 
abstractedly y is unlimited or infinite: for as the buckets may 
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be of any given capacity, the more the wheel is loaded, the 
slower it turns ; but the slower it turns, the more will the 
buckets be filled with water ; and, consequently, though the 
diameter of the wheel and] quantity of water ^expended are 
both limited, yet no resistance can be assigned, which it is not 
able to overcome : but in practice we always meet with some- 
thing that prevents our getting into infinitesimals ; for when 
we really go to work to build a wheel, the buckets must neces- 
sarily be of some given capacity ; and, consequently, such a re-* 
sistance trill stop the wheels as is equal to the effort of all the 
buckets in one semi-circumference filled with water. 

The structure of the buckets being given, the quantity of 
this efibrt may be assigned ;. but is not of much consequence 
to the practice, as in this case also the wheel loses its power ; for 
though there is the exertion of gravity upon a given quantity of 
water, yet being prevented by a counterbalance from moving, 
it is capable of producing no mechanical effect, according to our 
definition. But, in reality, an overshot wheel generally ceases 
to be useful before it is loaded to that pitch ; for when it meets 
with such a resistance as to diminish its velocity to a certain 
degree, its motion becomes irregular ; yet this never happens 
until the velocity of the circumference is less than two feet per 
second, where the resistance is equable, as appears not only 
from the preceding specimen, but from experiments on larger 
wheels. 

SCHOLIUM. 

Having now examined the difierent effects of the power of 
water, when acting by its impulse, and by its weight, under the 
titles of undershot and overshot wheels ; we might naturally 
proceed to examine the effects when the impulse and weight 
are combined, as in the several kinds of breast wheels, &c. ; but 
what has been already delivered being carefully attended to, 
the application of the same principles in these mixed cases will 
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be easy, and reduce what I have to say on this head into a nar- 
row compass : for all kinds of wheels, where the water cannot 
descend through a given space, unless the wheel moves there- 
with, are to be considered of the nature of an overshot wheel, 
according to the perpendicular height that the water descends 
from; and all those that receive the impulse or shock of the 
water, whether in an horizontal, perpendicular, or oblique 
direction, are to be considered as undershots. And, therefore, a 
wheel, which the water strikes at a certain point below the sur- 
face of the head, and after that descends in the arc of a circle, 
pressing by its gravity upon the wheel; the effect of such a 
wheel will he equal to the effect of an. under shot y whose head is 
equal to the difference of level between the surface of the water 
in the reservoir and- the point where it strikes the wheels added 
to that of an overshot j whose height is equal to the difference of 
level between the point where it strikes the wheel and the level 
of the tail-water. It. is here supposed that the wheel receives 
the shock of the water at right angles, to its radii ; and that the 
velocity of its circumference is properly adapted to receive the 
utmost advantage of both these powers ; otherwise a reduction 
must be made on that account. 

Many obvious and considerable improvements upon the 
common practice naturally offer themselves, from a due con- 
sideration of the principles here established, as well as many 
popular errors shew themselves in view ; but as my present 
purpose extends no further than the laying down such general 
rules as will be found to answer in practice, I leave the parti- 
cular application to the intelligent artist, and to the curious in 
these matters.* 

* Bos(iut*8 experiment^ on overshot water-wheels were made with a bucket- 
wheel, of which the exterior diameter was 3 feet ; the breadth of the buckets, 5 
inches; the depth of the bucket, or shrouding, 3 inches ; and there were 48 buckets. 
The barrel round which the cord wound was 2j^ inches in diameter ; and the gud- 
geons, 24 lines. The canal which brought the water to the wh^l was horizontal, 
and of the same breadth as the wheel, and it delivered 1194 cubic inches per minute 
at the top of the wheel. 
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Comparing the power and effect, the ratio is as 10 is to 7*65, when the height of 
the wheel is taken from the quantity of fall, and the nature of the experiment does 
not afford the means of knowing accurately the whole height. This ratio agrees 
very well with the result of Smeaton's trials. 

It appears from both the experiments of Smeaton and Bossut that the load 
conesponding to the maxiinom is } of the load that stops the wheeL— .£i>» 



PART III. 

ON THE CONSTRUCTION AND EFFECTS OF 
WINDMILL SAILS. 

Read before the Royal Society^ May 31 and June 14, 1769. 



In trying experiments on windmill sails, the wind itself is too 
uncertain to answer the purpose, we must, therefore, have 
recourse to an artificial wind. 

This may be done two ways; either by causing the air to 
move against the machine, or the machine to more against the 
air. To cause the air to more against the machine, in a suf- 
ficient volume, with steadiness and the requisite velocity, is not 
easily put in practice : to carry the machine forward in a right 
line against the air would require a larger room than I could 
conveniently meet with. What I found most practicable, there- 
fore, was to carry the axis, whereon the sails were to be fixed^ 
progressively round in the circumference of a large circle. 
Upon this idea * a machine was constructed, as follows : 



* Some yean ago Mr. Roiue, an ingenioas gentleman of Harborougfa, in Lei« 
cestershire, set about trying experiments on the velocity of the wind, and forc^ 
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PLATE III. Fig. 1. 
A B C is a pyramidical frame for supporting the moving parts. 

D E is an upright axis, whereon is framed 

F G, an arm for carrying the sails at a proper distance from the 
centre of the upright axis. 

H is a barrel upon the upright axis, whereon is wound a cord ; 
which, being drawn by the hand, gives a circular motion to 
the axis, and to the arm F G, and thereby carries the axis 
of the sails in the circumference of a circle, whose radius is 
D I, causing thereby the sails to strike the air, and turn 
round upon their own axis. 

At L is fixed the end of a small line which, passing through 
the pullies M N 0, terminates upon a small cylinder or 
barrel upon the axis of the sails, and, by winding thereon, 
raises 

P, the scale, wherein the weights are placed for trying the 
power of the sails. This scale, moving up and down 



thereof upon plain snrfkces and windmill sails ; and, much about the same time, 
Mr. Ellicott contrived a machine for the use of >the late celebrated Mr. B. Robins, 
for trying the resistance of plain surfaces moving through the air. , The machines 
of both these gentlemen were much alike, though at that time totally unacquainted 
with each other's inquiries. But it often happens that when two persons think 
justly upon the same subject, their experiments are alike. This machine was 
also built upon the same idea as the foregoing, but differed in having the hand for 
the first mover, with a pendulum for its regulator, instead, of a weight, as in the 
former, which was certainly best for the purposes of measuring the impulse of 
the wind, or resistance of planes ; but the latter is more applicable to experiments 
on windmill sails, because every change of position of the same sails will occa- 
sion their meeting the air with a different velocity, though urged by the samtt 
weight. 
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in the direction of the upright axis, receives no disturbance 
from the circular motion. 

Q R two parallel pillars standing upon the arm F G, for the 
purpose of supporting and keeping steady the scale P; 
which is kept from swinging by means of 

S T, two small chain^j, which hang loosely round the two 
pillars. 

W is a weight for bringing the centre of gravity of the mova- 
ble part of the machine into the centre of motion of the 
axis D £. 

V X is a pendulum, composed of two balls of lead, which are 
movable upon a wooden rod, and thereby can be so ad- 
justed, as to vibrate in any time required. This pendulum 
hangs upon a cylindrical wire, whereon it vibrates, as on a 
roUino: axis. 



''O 



Y is a perforated table for supporting the axis of the pen- 
dulum. 

Note. The pendulum being so adjusted, as to make two vibra- 
tions in the time that the arm FO is intended to make one 
turn ; the pendulum being set a vibrating, the experimenter 
pulls by the cord Z, with sufficient force to make each half 
revolution of the arm to correspond with eadi vibration, as 
equally as possible, during the number of vibrations that 
the experiment is intended to be continued. A little prac- 
tice renders it easy to give motion thereto with all the 
regularity tliat is necessary. 
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Specimen of a Set of Experiments. 

Radius of the sails 21 inches 

Length of ditto in the cloth 18 

Breadth of ditto 6-6 

f Angle at the extremity 10 degrees 

I Ditto at the greatest inclination 25 

20 turns of the sails raised the weight 11-3 inches 

Velocity of the centre of the sails, in the ^ 

circumference of the great circle, in a >6 feet inches 

second 3 

Continuance of the experiment 52 seconds 

No. Wt. in the Scale. Turns. Product. 

1 0/^. 108 

2 6 85 510 

3 ^ ei 81 526i 

4 7- 78 546 

5 7i 73 547| maximum. 

6 8 65 520 

7 9 

N. B. The weight of the scale and pulley was 3 oz. ; and that 
1 oz. suspended u|)on one of the radii, at 12^ inches from the 
centre of the axis, just overcame the friction ; scale, and load of 
7^ lbs. ; and placed at 14|§ inches, overcame the same resistance 
with 9 lbs. in the scale. 

Reduction of the preceding Specimen, 

No. 6 being taken for the maximum, the weight in the 
scale was 7 lbs. 8 oz., which, with the weight of the scale and 

* In all the following experiments the angle of the sails is accounted from the 
plane of their motion ; that is, when they stand at right angles to their axis, their 
angle is denoted 0**, this notation being agreeable to the language of practitioners, 
who call the angfe so denoted the weather of the sail ; which they denominate 
greater or less, according to the quantity of this angle. 
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pulley, 3 oz. makes 7 lbs. 11 oz. equal to 123 oz. ; this added to 
the friction of the machinery, the sum is the whole resistance.* 
The friction of the machinery is thus deduced : since 20 turns of 
the sails raised the weight 11*3 inches, with a double line, the 
radius of the cylinder will be '18 of an inch; but, had the 
weight been raised by a single line, the radius of the cylinder 
being half the former, viz. '09, the resistance would have 
been the same. We shall, therefore, have this analogy : as half 
the radius of the cylinder is to the length of the arm where 
the small weight was applied, so is the weight applied to the 
arm to a fourth weight, which is equivalent to the sum of the 
whole resistance together; that is, '09 : 12*5 : : 1 oz. : 139 oz. ; 
this exceeds 123 oz., the weight in the scale^ by 16 oz. or 1 fb., 
which is equivalent to the friction ; and which, added to the 
above weight of 7 lbs. 11 oz. makes 8 lbs. 11 oz. = 8*69 lbs. 
for the sum of the whole resistance ; , and this, multiplied by 
73 turns, makes a product of 634, which may be called the 
representative of the effect produced. 

In like manner, if the weight 9 lbs. which caused the sails to 
rest after being in motion, be augmented by the weight of the 
scale and its relative friction, it will become 10*37 lbs. The 
result of this specimen is set down in No. 12. of Tab. III. 
and the results of every other set of experiments therein con- 
tained were made and reduced in the same manner. 



* The resistance of the air is* not taken into the account of resistance, because 
it is inseparable from the application of the power. 
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TABLE III. 

Containing Nineteen Sets of Experiments on Windmill Sails of 
various Structures, Positions, and Quantities of Surface. 



The kind of saUs made 
use of. 






Iff 



■528 



Pi 
Si* 



|3 

II 

is 



Plain sails at an 
angle of 55** with - 
the axis 



35 



35 



42 



lbs. 
7-56 



12.59 



318 



Sj.In. 
404 



10:7 



10:6 



10:79 



Plain sails wea- r 

tliered according I 

to the common | 

practice. I 



105 
96 



6-3 

672 

70 



7-56 
812 
9-81 



441 
464 
462 



404 
404 
404 



10:6*6 
10:7 



10:8-3 
10:8-3 
10:71 



10:101 

10:1015 

10:1015 



\yeathered accor- 
ding to MaclaU' 
rih*s theorem. 



--{ 



264 
29| 



70i 
634 



70 

7-35 

8-3 



462 
518 
627 



404 
404 
404 



10:11-4 
10:12-8 
10:13 



Sails weathered in r 
the Dutch manner, | 
tried in various po- 
sitions. 




3 
5 

74 
10 
12 



15 

18 

20 

224 

25 

27 



120 
120 

113 

108 
100 



475 

70 

7-5 

8-3 

8-69 

8-41 



5-31 
812 
812 
981 
10-37 
1094 



442 
553 
585 
639 
634 
580 



10:7-7 
10:6-6 

10:6-8 



404 
404 
404 
404 
404 10:6 8 



404 



10:6-6 



10:8-9 
10:8-6 
10:9-2 
10:8-5 
10:8-4 
10-7-7 



10:11 

10:13-7 

10:14-5 

10:15-8 

10:15-7 

10:14*4 



Sails weathered in 
the Dutch manner, I 
but enlarged to-'v 
wards the extre- 1 



74 
10 
12 

15 



224 
25 
27 
30 



123 

117 

114 

96 



10*65 
1108 
12-09 
1209 



12-59 
13-69 
14-23 
14-78 



799 
820 
799 
7«2 



505 
505 
505 
505 



10:6-1 
10:6-3 
10:58 
10:6-6 



10:8-5 
10:81 
10:8-4 
10:8-2 



10:168 
10:162 
10:15*8 
10:151 



8 sails being«^c/or« | 
of ellipses in their -< 
best positions. ( 



105 
99 



4. 



644 
644 

5. 



16-42 
1806 

6. 



27-87 1059 854 
11651146 

7. 8. 9 



10:6-1 
10:59 

10. 



10:5-9 



11. 



10:12*4 
10:101 

12. 
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OBSERVATIONS AND DEDUCTIONS FROM THE PRECEDING 
EXPERIMENTS. 

I. Concerning the best Form and Position of Windmill 

Sails. 

In Tab. III. No. 1, is contained the result of a set of expe- 
riments upon sails set at the angle which the celebrated Mons. 
Parent, and succeeding geometricians for many years, held to be 
the best ; viz. those whose planes make an angle of 65°, nearly, 
with the axis ; the complement whereof, or angle that the plane 
of the sail makes with the plane of their motion, will therefore 
be 35°, as set down in cols. 2 and 3. Now, if we multiply their 
number of turns by the weight they lifted, when working to 
the greatest advantage, as set down in cols. 5 and 6, and 
compare this product (col. 8) with the other products contained 
in the same column, instead of being the greatest, it turns out 
the least of all the rest. But if we set the angle of the same 
planes at somewhat less than half the former, or at any angle 
from 15° to 18°, as in Nos. 3 and 4, that is, from 72° to 75° with 
the axis, the product will be increased in the ratio of 31 : 45; 
and this is the angle most commonly made use of by practi- 
tioners, when the surfaces of the sails are planes. 

If nothing more was intended than to determine the most 
efficacious angle to make a mill acquire motion from a state of 
rest, or to prevent it from passing into rest from a state of mo- 
tion, we shall find the position of No. 1 the best ; for if we con- 
sult col. 7, which contains the least weights that would make 
the sails pass from motion to rest, we shall find that of No. 1 
(relative to the quantity of cloth) the greatest of all. But if 
the sails are intended, with given dimensions, to produce the 
greatest efiect possible in a given time, we must entirely reject 
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those of No. 1, and if we are confined to the tise of planes, con- 
form ourselves to some angle between Nos. 3 and 4, that ui not less 
than 72°, or greater than 76°, toith the axis. 

The late celebrated Mr. Maclaurin has judiciously distin- 
guished between the action of the wind upon a sail at rest, 
and a sail in motion: and, in consequence, as the motion is 
more rapid near the extremities than towards the centre, that 
the angle of the different parts of the sail, as they recede from 
the centre, should be varied. For this purpose he has furnished 
us with the following theorem.* " Suppose the velocity of the 
wind to be represented by a, and the velocity of any given 
part of the sail to be denoted by c ; then the effort of the 
wind upon that part of the sail will be greatest, when the 
tangent of the angle, in which the wind strikes it, is to 

radius as -^H-y 2+-— to 1." This theorem then assigns 

the law, by which the angle is to be varied according to the 
velocity of each part of the sail to the wind : but as it is left un- 
determined what velocity any one given part of the sail ought 
to have in respect to the wind, the angle that any one part of 
the sail ought to have, is left undetermined also ; so that we 
are still at a loss for the proper data to apply the theorem. 
However, being willing to avail myself thereof, and considering 
that any angle from 15° to 18° was best suited to a plane, 
and, of consequence, the best mean angle, I made the sail, 
at the middle distance between the centre and the extremity, to 
stand at an angle of 25° 41' with the plane of the motion ; in 
which case the velocity of that part of the sail, when loaded to a 
maximum, would be equal to that of the wind, or c = «• This 
being determined, the rest were inclined according to the 
theorem, as follows : — 



* Madaurin's Account of Sir Isaac Newton's Philosophical Discoveries, p. 176, 
art. 29. 
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The result hereof was according to No. 5, being nearly the 
same as the plane sails, in their best position : but being turned 
round in their sockets, so that every part of each sail stood at 
an angle of 3°, and afterwards at 6°, greater than before, that 
is, their extremities being moved from 9° to 12° and 15°, the 
products were advanced to 618 and 527 respectively. Now, 
from the small difference between those two products, we may 
conclude, that they were nearly in their best position, accord- 
ing to No. 7, or some angle between that and No. 6 ; but from 
these, as well as the plane sails and others, we may also con- 
clude, that a variation in the angle of a degree or two makes 
very little difference in the effect^ when the angle is near upon 
the best. 

It is to be observed, that a sail inclined by the preceding 
rule will expose a convex surface to the wind : whereas the 
Dutch, and all our modern mill-builders, though they make 
the angle to diminish, in receding from the centre towards 
the extremity, yet constantly do it in such a manner, as that 
the surface of the sail may be concave towards the wind. In 
this manner the sails made use of in Nos. 8, 9, 10, 11, 12, and 
13, were constructed; the middle of the sail making an angle 
with the extreme bar of 12°; and the greatest angle (which was 
about one-third of the radius from the centre) of 16° therewith. 
Those sails being tried in various positions, the best appears to 
be that of No. 11, where the extremities stood at an angle of 
7J° with the plane of motion, the product being 639 : greater 
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than than that of those made by the theorem in the ratio of 
9:11, and double to that of No. 1 ; and this was the greatest 
product that could be procured without an augmentation of 
surface. Hence it appears, that when the windfalls upon a con- 
cave surfacey it is an advantage to the power of the whole, though 
evert/ part, tahen separately, should not be disposed to the best 
advantage.* 

Having thus obtained the best position of the sails, or man- 
ner of weathering, as it is called by the workmen, the next 
point was to try what advantage could be made by an addition 
of surface upon the same radius. For this purpose, the sails 
made use of had the same weather as those Nos. 8 to 13, with 
an addition to the leading side of each of a triangular cloth, 
whose height was equal to the height of the sail, and whose 
base was equal to half the breadth : of consequence,, the in- 
crease of surface upon the whole was one-fourth part, or as 
4 : 5. Those sails, by being turned round in their sockets, 
were tried in four different positions, specified in Nos. 14, 15, 
16, and 17; from whence it appears, that the best was when 
every part of the sail made a greater angle, by 2^®, with the 
plane of the motion, than those without the addition, as appears 
by No. 15, the product being 820 : this exceeds 639 more than 
in the ratio of 4 : 5, or that, of the increase of cloth. Hence it 
appears, that a broader sail requires a greater angle ; and that 



* By several trials in large, I have found the following angles to answer as well 
as any. The radius is supposed to be divided into 6 parts ; and l-6th, reckoning 
from the centre, is called 1, the extremity being denoted 6. 

Angle with Angle with the plane 

^ No. the axis. of the motion. 

1 72* 18° 

2 71 19 

3 72 18 middle. 

4 74 16 

6 774 124 

6 I 1— 83 . 7 extremity. 
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when the 6ail is broader at the extremity, than near the centre, 
this shape is more advantageous than that of a parallelogram.* 

Many have imagined, that the more sail the greater the ad- 
vantage, and have, therefore, proposed to fill up the whole area : 
and by making each sail a sector of an ellipsis, according to 
Monsieur Parent, to intercept the whole cylinder of wind, and 
thereby to produce the greatest effect possible. 

We have, therefore, proceeded to inquire how far the effect 
could be increased by a further enlargement of the surface, upon 
the same radius of which Nos. 18 and 19 are specimens. The 
surfaces, indeed, were not made planes, and set at an angle of 
35°, as Parent proposed; because, from No. 1, we learn, that 
this position has nothing to do, when we intend, them to work 
to the greatest advantage. We, therefore, gave them such an 
angle as the preceding experiments indicated for such sort of 
sails, viz. 12° at the extremity, and 22° for the greatest weather. 
By No. 18, we have the product 1059, greater than No. 15, in 
the ratio of 7 : 9 ; but then the augmentation of cloth is almost 
7 : 12. By No. 19, we have the product 1166, that is greater 
than No. 15, as 7 : 10 ; but the augmentation of cloth is nearly 
as 7 : 16; consequently, had the same quantity of cloth as in 
No 18, been disposed in a figure, similar to that of No. 15, 
instead of the product 1059, we should have had the product 
1386; and in No. 19, instead of the product 1165, we should 
have had a product of 1860; as will be further made appear 



* The figure and proportion of the enlarged sails, which I have found best to 
answer in large, are represented in the figure, Plate III., where the extreme bar 
is l-3d of the radius (or whip, as it is called by the workmen), and is divided by 
the whip in the proportion of 3 to 5. The triangular, or leading sail, is covered 
with board, from the point downward, l.3d of its height, the rest with doth, as 
usual. The angles of weather ^n the preceding note are best for the enlarged sails 
also ; for, in practice, it is found that the sails had better have too little than too 
much weather. 
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in the course of the following deductions. Hence it appears, 
that beyond a certain degree, the more the area is crowded 
with sail, the less eflfect is produced in proportion to the sur- 
face: and by pursuing the experiments still further, I found, 
that though in No. 19, the sur&ce of all the sails together 
were not more than 7-8ths of the circular area containing them, 
yet a further addition rather diminished than increased the 
effect. So that when the whole cylinder of wind is intercepted, 
it does not then produce the greatest effect j for want of proper 
interstices to escape. 

It is certainly desirable that the sails of windmills should be 
as short as possible; but at the same time it is equally de-^ 
sirable,'that the quantity of cloth should be the least that may 
be, to avoid damage by sudden squalls of wind. The best 
structure, therefore, for large mills is that where the quantity 
of cloth is the greatest, in a given circle, that can be: on this 
condition, that the effect holds out in proportion to the quantity 
of cloth ; for otherwise the effect can be augmented in a given 
degree by a lesser increase of cloth upon a larger radius, than 
would be required, if the cloth was increased upon the same' 
radius. The most useful figure, therefore, for practice, is that 
of No. 9 or 10, as has been experienced upon several mills in 
large. 
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TABLE IV. 
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Containing the Result of Six Sets of Experiments^ made for de- 
termining the Difference of Effect according to the different 
Velocity of the Wind. 

N.B. The sails were of the same size and kind as those of 
Nos. 10, 11, and 12, Tab. III. Continuance of the Experi- 
ment one minute. 
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II. — Concerning the Ratio between the Velocity of Windmill 
Sails unloaded^ and their Velocity when loaded to a Maxi- 
mum. 

Those ratios, as they turned out in experiments upon differ- 
ent kinds of sails, and with different inclinations (the velocity 
of the wind being the same), are contained in col. 10 of Tab. III. 
where the extremes differ from the ratio of 10 : 7*7 to that 
of 10 : 6*8 ; but the most general ratio of the whole will be 
nearly as 3 .'2. This ratio also agrees sufficiently near with 
experiments where the velocity of the wind was different, as in 
those contained in Tab. IV. col. 1«3. in which the ratios differ 
from 10 : 6*9 to that of 10 : 5*9. However, it appears, in gene- 
ral, that where the power is greater, whether by an enlarge- 
ment of surface, or a greater velocity of the wind, that the 
second term of the ratio is less. 



III. — Concerning the Ratio between the greatest Load that the 
Sails will bear without stopping^ or what is nearly the same 
thing, between the least Load that will stop the Sails, and the 
Load at the Maximum. 

Those ratios for different kinds of sails and inclinations, are 
collected in col. 11 . Tab. III. where the extremes differ from the 
ratio of 10 : 6 to that of 10 : 9*2 ; but taking in those sets of 
experiments only, where the sails respectively answered best, 
the ratios will be confined between that of 10:8 and of 10:9 ; 
and at a medium about 10 : 8*3 or 6:5. This ratio also asfrees 
nearly with those in col. 14. of Tab. IV. However it appears, 
upon the whole, that in those instances where the angle of the 
sails or quantity of cloth were greatest, that the second term of 
the ratio was less. 
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IV. — Concerning the Effects of Sails y according to the different 
Velocity of the Wind. 

Maxim 1. — The velocity of mndmill sails, whether unloaded 
or loaded, so as to produce a maximum^ is nearly as the velocity 
of the wind, their shape and position being the same. 

This appears by comparing together the. respective numbers 
of cols. 4 and 5, Tab. IV., wherein those of Nos. 2, 4, and 
6, ought to be double of Nos. 1, 3, and 5: but as the devia- 
tion is nowhere greater than what may be imputed to the 
inaccuracy of the experiments themselves, and holds good ex- 
actly in Nos. 3 and 4 ; which sets were deduced from the 
medium of a number of experiments, carefully repeated the 
same day, and, on that account, are most to be depended upon, 
we may therefore conclude the maxim true. 

Maxim 2. — The load at the maximum is nearly, hut somewhat 
less than, as the square of the velocity of the wind, the shape and 
position of the sails being the same. 

This appears by comparing together the numbers in col. 6, 
Tab. IV., wherein those of Nos. 2, 4, and 6 (as the velocity 
is double) ought to be quadruple of those Nos. 1, 3, and 
5; instead of which they fall short, No. 2 by -^, No. 4 
by -jVj and Nos. 6 by t^ part of the whole, 'the greatest 
of those deviations is not more considerable than might be im- 
puted to the unavoidable errors in making the experiments : but 
as those experiments, as well as those of the greatest load, all 
deviate the same way, and also coincide with some experiments 
communicated to me by Mr. Rouse, upon the resistance of 
planes, I am led to suppose a small deviation, whereby the 
load falls short of the squares of the velocity ; and, since the ex- 
periments, Nos. 3 and 4, are most to be depended upon, we must 
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conclude, that when the velocity is double, the load falls short 
of its due proportion by tVj ^^j ^^^ ^^^ ^^^^ ^^^ round number, 
by about ^'^ part of the whole. 

Maxim 3. — The effects of the same sail at a maximum are 
nearly y but somewhat less than, as the cubes of the velocity of the 
wind. 

It has already been proved, Maxim 1st, that the velocity of 
sails at the maximum, is nearly as the velocity of the wind ; and 
by Maxim 2d. that the load at the maximum is nearly as the 
square of the same velocity : if those two maxima would 
hold precisely, it would be a consequence that the eflfect would 
be in a triplicate ratio thereof; how this agrees with experi- 
ment will appear by comparing together the products in col. 8 
of Tab. IV., wherein those of Nos. 2, 4, and 6 (the velocity of 
the wind being double), ought to be octuple of those of No. 1, 
3, and 6, instead of which they fall short No. 2 by \, No. 4 
by -^jj, and No. 6 by J part of the whole. Now, if we rely on 
Nos. 3 and 4, as the turns of the sails are as the velocity of the 
wind ; and since the load of the maximum falls short of the 
square of the velocity by about -^V part of the whole : the pro- 
duct made by the multiplication of the turns into the load, must 
also fall short of the triplicate ratio by about ^^ part of the 
whole product. 

Maxim 4. — The load of the same sails at the maximum is 
nearly as the sqtiares, and their effect as the cubes of their num- 
ber of turns in a given time. 

This maxim may be esteemed a consequence of the three 
preceding ; for if the turns of the sails are as the velocity of the 
wind, whatever quantities are iji any given ratio of the velocity 
of the wind, will be in the same given ratio of the turns of the 
sails : and, therefore, if the load at the maximum is as the square, 
or the eflTect as the cube of the velocity of the wind, wanting 2V 
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part when the velocity is double ; the load at the maximum 
will also be as the square, and the eflFect as the cube of the 
number of turns of the sails in a given time, wanting, in like 
manner, ^^ part when the number of turns are double in the 
same time. In the present case, if we compare the loads at 
the maximum, col. 6, with the squares of the number of turns, 
col. 5. of Nos. 1 and 2, 5 and 6, or the products of the same 
numbers col. 8, with the cubes of the number of turns, col. 5, 
instead of falling short, as Nos. 3 and 4, they exceed those 
ratios ; but, as the sets of experiments, Nos. 1 and 2 of 5 and 6, 
are not to be esteemed of equal authority with those of Nos. 3 
and 4, we must not rely upon them farther than to observe 
that in comparing the gross effects of large machines j the direct 
proportion of the squares and cubes respectively, will hold as 
near as the effects themselves can be observed ; and, therefore, 
be suflScient for practical estimation, without any allowance. 

Maxim 5. — When sails are loaded, so as to produce a maxi- 
mum at a given velocity^ and the velocity of the wind increases, 
the load continuing the same: 1st. The increase of effect, 
when the increase of the velocity of the unnd is small, will be 
nearly as the squares of those velocities ; 2dly, When the velo* 
city of the wind is double, the effects will be nearly as 10 : 27| ; 
But, 3dly, When the velocities compared, are more than 
double of that where the given load produces a maximum, the 
effects increase nearly in a simple ratio of the velocity of the 
wind. 

It has already been proved, Maxim 1st and 2d, that when the 
velocity of the wind is increased, the turns of the sails will in- 
crease in the same proportion, even when opposed by a load as 
the square of the velocity ; and therefore, if wanting, the op- 
position of an increase of load, as the square of the velocity, the 
turns of the sails will again be increased in a simple ratio of 
the velocity of the wind, on that account also ; that is, the load 
continuing the same, the turns of the sails in a given time will 
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be as the square of the velocity of the wind ; and the effect, 
being, in this case, as the turns of the sails, will be as the square 
of the velocity of the wind also ; but this must be understood 
only of the first increments of the velocity of the wind : for, 

2dly, As the sails will never acquire above a given velocity 
in relation to the wind, though the load was diminished to 
nothing, when the load continues the same, the more the ve- 
locity of th6. wind increases (though the effect will continue to 
increase) yet the more it will fall short of the square of the 
velocity of the wind ; so that when the velocity of the wind is 
double, the increase of effect, instead of being as 1 : 4, according 
to the squares, it turns out as 10 : 27^, as thus appears. In Tab. 
IV., col. 9, the loads of Nos. 2, 4, and 6, are the same as the 
maximum loads in col. 6. of Nos. 1, 3, and 5. The number of 
turns of the sails with those loads, when the velocity of the 
wind is double, are set down in col. 10, and the products of 
their multiplication in col. 1 1 : ihose being compared with the 
products of Nos. 1,3, and 5, col. 8. furnish the ratios set down 
in col. 12. which, at a medium (due regard being had to 
Nos. 3 and 4) will be nearly as 10 : 27^. 3dly, The load conti- 
nuing the same, grows more and more inconsiderable, respect- 
ing the power of the wind as it increases in velocity ; so that 
the turns of the sails grow nearer and nearer a coincidence with 
their turns unloaded ; that is, nearer and nearer to the simple 
ratio of the velocity of the wind. When the velocity of the 
wind is double, the turns of the sails, when loaded to a maxi- 
munij will be double also ; but, unloaded, will be more than 
triple, by deduction 2d : and, therefore, the product could not 
have increased beyond the ratio of 10 : 30 (instead of 10 : 27^), 
even supposing the sails not to have been retarded at all by 
carrying the maximum load for half the velocity. Hence we see, 
that when the velocity of the wind exceeds the double of that, 
where a constant load produces a maximum, that the increase 
of effect, which follows the increase of the velocity of the sails, 
will be nearly as the velocity of the wind, and ultimately ii^ that 
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ratio, precisely. Hence, also, we see that windmills, such as 
the different species for raising water for drainage, &c. lose 
much of their full effect, when acting against one invariable 
opposition. 

V. — Concerning the Effects of Sails of different Magnitudes^ the 
Structure and Position being similar ^ and the Velocity of the 
Wind the same. 

Maxim 6. — In sails of a similar figure and position^ the 
number of turns in a given time will be reciprocally as the 
radius or length of the sail. 

The extreme bar having the same inclination to the plane of 
its motion, and to the wind : its velocity at a maximum will 
always be in a given ratio to the velocity of the wind ; and, 
therefore, whatever be the radius, the absolute velocity of the 
extremity of the sail will be the same ; and this will hold good 
respecting any other bar, whose inclination is the same, at a 
proportionable distance from the centre; it therefore follows, 
that the extremity of all similar sails, with the same wind, will 
have the same absolute velocity ; and, therefore, take a space of 
time to perform one revolution in proportion to the radius ; or, 
which is the same thing, the number of revolutions in the same 
given time, will be reciprocally as the length of the sail. 

.Maxim 7. — The load at a maximum that sails of a similar 
figure and position will overcamCf at a given distance from the 
centre of motion^ will be as the cube of the radius. 

Geometry informs us, that in similar figures the surfaces are 
as the squares of their similar sides ; of consequence the quan- 
tity of cloth will be as the square of the radius : also, in similar 
figures and positions, the impulse of the wind upon every 
similar section of the cloth, will be in proportion to the surface 
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of that section ; and, consequently, the impulse of the wind 
upon the whole, will be as the surface of the whole: but as 
the distance of every similar section, from the centre of motion, 
will be as the radius ; the distance of the centre of power of 
the whole, from the centre of motion, will be as the radius 
also : that is, the lever by which the power acts will be as the 
radius : as, therefore, the impulse of the wind, respecting the 
quantity of cloth, is as the square of the radius, and the lever 
by which it acts, as the radius simply ; it follows, that the load 
which the sails will overcome, at a given distance from the 
centre, will be as the cube of the radius. 

Maxim 8. — The effect of sails of similar figure andpositiouy 
are as the square of the radius. 

By Maxim 6, it is proved, that the number of revolutions 
made in a given time, are as the radius inversely. Under 
Maxim 7, it appears, that the length of the lever, by which the 
power acts, is as the radius directly ; therefore these equal and 
opposite ratios destroy one another : but, as in similar figures 
the quantity of cloth is as the square of the radius, and the 
action of the wind is in proportion to the quantity of cloth, as 
also appears under Maxim 7, it follows that the effect is as 
the square of the radius. 

CoROL. 1 . Hence it follows, that augmenting the length of 
the sail, without augmenting the quantity of cloth, does not 
increase the power ; because what is gained by the length of 
the lever, is lost by the slowness of the rotation, 

CoROL. 2. If the sails are increased in length, the breadth 
remaining the same, the effect will be as the radius. 
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VL — Concerning the Velocity of the Extremities of Windmill 
Sails, in respect to the Velocity of the Wind. 

Maxim 9. — The velocity of the extremities of Dutch sqik, as 
well as of the enlarged sails, in all their usual positions when 
unloaded, or even loaded to a maximum, is considerably quicker 
than the velocity of the wind. 

The Dutch sails unloaded, as in Tab. III. No. 8, made 120 
revolutions in 52": the diameter of the sails being 3 feet 6 
inches, the velocity of their extremities will be 25*4 feet in a 
second; but the velocity of the wind producing it, being 6 
feet in the same time, we shall have 6 : 25*4 : : 1 : 4*2 ; in this 
case, therefore, the velocity of their extremities was 4*2 times 
greater than that of the wind. In like manner, the relative 
velocity of the wind, to the extremities of the same sails, when 
loaded to a maximum, making then 93 turns in 52^% will be 
found to be as 1 : 3*3 ; or 3*3 times quicker than that of the 
winder 

The following table contains examples of Dutch saib, and 
four examples of the enlarged sails, in different positions, but 
with the constant velocity of the wind. of 6 feet in a second, 
from Tab. III. ; and also 6 examples of Dutch sails in different 
positions, with different velocities of the wind from Tab. IV. 
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TABLE V. 

Containing the Ratio of the Velocity of the Extremities of 
Windmill Sails to the Velocity of the Wind. 
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It appears from the preceding collection of examples, that 
when the extremities of the Dutch sails are parallel to the 
plane of motion, or at right angles to the wind and to the 
axis, as they are made according to the common practice in 
England, that their velocity, unloaded, is above four times, and 
loaded to a maximum, above three times greater than that of 
the wind : but that when the Dutch ^ails, or enlarged sails, are 
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in their best positions, their velocity unloaded is four times, and 
loaded to a maximum, at a medium, the Dutch sails are 2*7^ 
and the enlarged sails 2*6 times greater than the velocity of 
the wind. Hence we are furnished with a method of knowing 
the velocity of the wind, from observing the velocity of the 
windmill sails : for, knowing the radius and the number of 
turns in a minute, we shall have the velocity of the extremities ; 
which, divided by the following divisors, will give the velocity of 
the wind. 



jx . 1 ., . ^, . ... ( unloaded 4*2 

Dutch sails m their common position < iQaJed 3.3 

Dutch sails in their best position .... -j leaded 2-7 

Enlarged sails in their best position . . \ io«ded 2-6 



From the above divisors there arises the following compen- 
diums : supposing the radius to be 30 feet, which is the most 
usual length in this country, and the mill to be loaded to a 
mcunmumy as is usually the case with com mills; for every 
3 tttrns in a minute, of the Dutch sails in their common position, 
the wind will move at the rate of two miles aji hour ; for every 
5 turns in a minute of the Dutch sails in their best position, the 
wind moves four miles an hour ; and for every 6 turns in a 
minute, of the enlarged sails in their best position, the wind will 
move five miles an hoUr. 

The following table, which was communicated to me by my 
friend, Mr. Rouse, and which appears to have been constructed 
with great care, from a considerable number of facts and expe- 
riments, and which, having relation to the subject of this article, 
I here insert it as he sent it to me ; but, at the same time, must 
observe, that the evidence for those numbers where the velocity 
of the wind exceeds 50 miles in an hour, does not seem of equal 
authority with those of 50 miles an hour and under It is also to 
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be observed, that the numbers in col. 3, are calculated accord- 
ing^ to the square of the velocity of the wind, which, in mode- 
rate velocities, from what has been before observed, will hold 
very nearly. 

TABLE VI. 

Containing the Velocity and Force of Windy according to their 
common Appellations. 
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VII. — Concerning the absolute Effect produced by a given 
Velocity of the Wind upon Sails of a given Magnitude and 
Construction. 



It has been observed by practitioners, that, in mills with 
Butch sails in the common position, when they make about 
13 turns in a minute, they then work at a mean rate: that is, 
by the compendiums in the last article, when the velocity of the 
wind is 8§ miles an hour, or 12^ feet in a second ; which, in 
common phrase, would be called a, fresh gale. 

The experiments set down in Tab. IV. No. 4. were tried 
with a wind, whose velocity was 8| feet in a second; conse- 
quently, ha<l those experiments been tried with a wind whose 
velocity was 12^ feet in a second, the effect, by Maxim 3d, 
would have been 3 times greater : because the cube of 12§ is 3 
times greater than that of 8 j. 

From Tab. IV. No. 4. we find that the sails, when the velo- 
city of the wind was 8| feet in a second, made 130 revolutions 
in a minute, with a load of 17*52 lbs. From the measures of 
the machine preceding the specimen of a set of experiments, 
we find, that twenty revolutions of the sails raised the scale and 
weight 11*3 inches: 130 revolutions will therefore raise the 
scale 73*45 inches, which, multiplied by 17*52 lbs., makes a 
product of 1287, for the effect of the Dutch sails in their best, 
position ; that is, when the velocity of the wind is 8| feet in a 
second : this product, therefore, multiplied by three, will give 
3861 for the effect of the same sails, when the velocity of the 
wind is 12§ feet in a second. 

Desaguliers makes the utmost power of a man, when working 
so as to be able to hold it for some hours, to be equal to that * 
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of raising a hogshead of water 10 feet high in a minute. Now, 
a hogshead, consisting of 63 ale gallons, being reduced into 
pounds avoirdupois, and the height into inches ; the product 
made by multiplying those two numbers will be 76,800 ; which 
is 19 times greater than the product of the sails last mentioned, 
at 12^ feet in a second : therefore, by Maxim 8th, if we multi- 
ply the square root of 19, that is 4*46, by 21 inches, the 
length of the sail producing the effect 3861, we shall have 
93-66 inches, or 7 feet 9§ inches for the radius of a Dutch sail 
in its best position, whose mean power shall be equal to that of 
a man : but if they are in their common position, their length 
must be increased in the ratio of the square root of 442 to that 
of 639, as thus appears : 

The ratio of the maximum products of Nos. 8 and 1 1, Tab. 
III. are as 442 : 639 : but, by Maxim 8, the effects of sails of 
different radii are as the square of the radii ; consequently, the 
square roots of the products or effects, are as the radii simply ; 
and, therefore, as the square root of 442 is to that of 639, so is 
93-66 to 112-66 ; or 9 feet 4§ inches. 

If the sails are of the enlarged kind, then, from Tab. III. 
Nos. 11 and 15, we shall have the square root of 820 to that of 
639 : : 93-66 : 82-8 inches, or 6 feet 10| inches : so that, in 
round numbers, we shall have the radius of a sail, of a similar 
figure to their respective models, whose mean power shall be 
equal to that of a man : 

The Dutch sails in their common position .... 9} feet 

The Dutch sails in their best position 8 

The enlarged sails in their best position 7 

Suppose, now, the radius of a sail to be 30 feet, and to be con- 
structed upon the model of the, enlarged sails, No. 14 or 16, Tab. 
III. dividing 30 by 7, we shall have 4-28, the square of which 
is 18*3 ; and this, according to Maxim 7, will be the relative 
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potrer of a sail of 30 feet to one of 7 feet ; tbai is, when 
working at a mean rate, Ae 30 feet sail will be equal to the 
power of 18*3 men» or of 3} horses ; reckoning 5 men to a 
horse : whereas the effect of the common I(atch sails, of the 
same length, being less in the proportion of 820: 442, will be 
scarce eqnal to the power of 10 men, or of 2 horses* 

That these computations are not merely specnlatiye, but will 
nearly hold good when applied to works in large, I have had an 
opportunity of verifyii^: for, in a mill with the enlarged sails 
of 30 feet, applied to the crushing of rape -seed, by means of 
two runners upon the edge, for making oil, I observed, that 
when the sails made 11 turns in a minute, in which case the 
velocity of the wind was about 13 feet in a second, according 
to Article VL, that the runners then made 7 turns in a minute : 
whereas 2 horses, applied to the same two runners, scarcely 
worked them at the rate of 3} turns in the same time. Lastly, 
with regard to the real superiority of the enlarged sails above 
the Dutch sails as commonly made, it has sufficiently appeared, 
not only in those cases where they have been applied to new 
mills, but where they have been substituted in the place of the 
others. . 

VIII. — Concerning horizontal Windmills and Waterwheels with 
ohlique Vanes. 

Observations upon the effects of common windmills, with ob- 
lique vanes, have led many to imagine that, could the vanes be 
brought to receive the direct impulse, like a ship sailing before 
the wind, it would be a very great improvement in point of 
power; while others, attending to the extraordinary and even 
unexpected effects of oblique vanes, have been led to imagine 
that oblique vanes applied to watermills, would as much 
exceed the common waterwheels, as the vertical windmills 
are found to have exceeded all attempts towards a horizontal 
one. Both these notions, but especially the first, have so 
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plausible an appearance, that of late years there have seldom 
heen wanting those who have assiduously employed themselves 
to bring to bear designs of this kind ; it may not, therefore, 
be unacceptable to endeavour to set this matter in a clear light. 

Plate IIL Fig. 2. Let A B be the section of a plane, upon 
which let the wind blow in the direction C D, with such a 
velocity as to describe a given space B E, in a given time (sup- 
pose one second), and let A B be moved parallel to itself, in the 
direction C D. Now, if the plane A B moves with the same 
velocity as the wind ; that is, if the point B moves through the 
space B E in the same time that a particle of air would move 
through the same space ; it is plain liiat, in this case, there can 
be no pressure or impulse of the wind upon the plane : but if 
the plane moves slower than the wind, in the same direction, 
so that the point B may move to F,. while a particle of air,, set- 
ting out from B at the same instant, would move to E, then 
B F will express the velocity of the plane ; and the relative 
velocity of the wind and plane will be expressed by the line 
F E. Let the ratio of F E to B E be given (suppose 2 : 3\ 
let the line A B represent the impulse of the wind upon the 
plane A B, when acting with its whole velocity B E; but, 
when acting with its relative velocity F E, let its impulse be 
denoted by some aliquot part of A B, as, for instance, -JAB: 
then will J of the parallelogram A F represent the mechanical 
power of the plane ; that is, J A B x § B E. 

2dly, Let I N be the section of a plane, inclined in such a 
manner, that the base I K of the rectangled triangle I K N may 
be equal to A B ; and the perpendicular N K = B E ; let the 
plane I N be struck by the wind, in the direction L M, per- 
pendicular to I K ; then, according to the known rules of ob- 
lique forces, the impulse of the wind upon the plane I N, tend- 
ing to move it according to the direction L M, or N K, will 
be denoted by the base I K ; and that part of the impulse, tend- 
ing to move it according to the direction I K, will be expressed 
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by the perpendicular N K. Let the plane I N be movable in 
the direction of I K only ; that is, the point I in the direction 
of I K, and the point N in the direction N Q, parallel thereto* 
^ow, it is evident, that if the point I moves through the line 
I K, while a particle of air, setting forwards at the same time 
from the point N, moves through the line N K, they will both 
arrive at the point K at the same time ; and, consequently, in 
this case also^ there can be no pressure or impulse of the par- 
ticle of the air upon the plane I N. Now, let I O be to I K as 
B F to B £ ; and let the plane I N move at such a rate, that 
the point I may arrive at O, and acquire the position I Q, in the 
same time that a particle of wind would move through the space 
N K : as O Q is parallel to I N ; (by the properties of similar 
triangles) it will cut N K in the point P, in such a manner, that 
N P = B F, and P K = F E ; hence, it appears that the plane 
I N, by acquiring the position O Q, withdraws itself from the 
action of the wind, by the same space N P, that the plane A B 
does by acquiring the position F G ; and, consequently, from the 
€quality of P K to F E, the relative impulse of the wind P K, 
upon the plane O Q, will be equal to the relative impulse of the 
wind F E upon the plane F G : and since the impulse of the 
wind upon A B, with the relative velocity F £, in the direction 
B £^ is represented by ^ A B ; the relative impulse of the wind 
upon the plane I N, in the direction N K, will, in like manner, 
be represented by ^ I K ; and the impulse of the wind upon the 
plane I N, with the relative velocity P K, in the direction I K, 
will be represented by ^ N K; and, consequently, the mechani- 
cal power of the plane I N, in the direction I K, will be ^ the 
parallelogram I Q : that isJIK x |NK: that is, from the 
equality ofIK = AB and NK = BE, we shall have 1 1 Q = 
JABx|BE = ^ABx jBE = ^ofthe area of the paral- 
lelogram A F. Hence we deduce this 
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GENERAL PROPOSITION. 

That all planes, however sittiated, that intercept the same 
section of the windy and having the same relative velocity ^ in 
regard to the wind^ when reduced into the same direction^ have 
equal powers to produce mechanical effects. 

For what is lost by the obliquity of the impulse is gained by 
the velocity of the motion. 

Henoe, it appears that an oblique sail is under no disadvan- 
tage in respect of power, compared with a direct one ; except 
what arises from a diminution of its breadth, in respect to the 
section of the wind : the breadth I N being by obliquity reduced 
to I K. 

The disadvantage of horizontal windmills^ therefore, does not 
consist in this, — that each sail, when directly exposed to the 
wind, is capable of a less power than an oblique one of the same 
dimensions; but that, in a horizontal windmill, little more 
than one sail can be acting at once : whereas, in the common 
windmill, all the four act together: and, therefore, supposing 
each vane of a horizontal windmill, of the same dimensions as 
each vane of the vertical, it is manifest the power of a vertical 
mill with four sails will be four times greater than the power of 
the horizontal one, let its number of vanes be what it will : this 
disadvantage arises from the nature of the thing : but if we 
consider the Airther disadvantage, that arises from the difficulty 
of getting the sails back again against the wind, &c., we need 
not wonder if this kind of mill is, in reality, found to have not 
above | or -^ of the power of the common sort ; as has appeared 
in some attempts of this kind. 

In like manner, as little improvement is to be expected 
froni watermills with oblique vanes ; for the power of the same 
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section of a stream of water is not greater when acting upon an 
oblique vane than when acting upon a direct one : and any 
advantage that can be made by intercepting a greater section, 
which sometimes may be done in the case of an open river, will 
be counterbalanced by the superior resistance that such vanes 
would meet with by moving at right angles to the current: 
whereas the common floats always move with the water nearly 
in the same direction i 

Here it may reasonably be asked, that since our geometrical 
demonstration is general, and proves that one angle of obliquity 
is as good as another, why in our experiments it appears that 
there is a certain angle which is to be preferred to all the rest ? 
It is to be observed, that if the breadth of the sail I N is given, 
the greater the angle KIN, and the less will be the base I K ; 
that is, the section of wind intersected, will be less : on the 
other hand, the more acute the angle KIN, the less will be 
the perpendicular K N : that is, the impulse of the wind, in 
the direction I K, being less, and the velocity of the sail 
greater; the resistance of the medium will be greater also. 
Hence, therefore, as there is a diminution of the section of the 
wind intercepted on one hand, and an increase of resistance on 
the other, there is some angle where the disadvantage arising 
from these causes, upon the whole, is the least of all ; but as 
the disadvantage arising from resistance is more of a physical 
than geometrical consideration, the true angle will best be 
assigned by experiment. 

SCHOLIUM. 

In trying the experiments contained in Tab. III. and IV., 
the different specific gravity of the air, which is undoubtedly 
different at different times, will cause a difference in the load, 
proportional to the difference of its specific gravity, though its 
velocity remains the same ; and a variation of specific gravity 
may arise not only from a variation of the weight of the whole 
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column, but also hy the difference of heat of the air concerned 
in the experiment, and possibly of other causes ; yet the irre- 
gularities that might arise from a difference of specific gravity 
were thought to be too small to be perceivable, till after the 
principal experiments vrere made, and their effects' compared ; 
from which, as well as succeeding experiments, those variations 
were found to be capable of producing a sensible, though no 
very considerable, effect : however, as all the experiments were 
tried in the summer season, in the day time, and under cover, 
we may suppose that the principal source of error would arise 
from the different weight of the column of the atmosphere at 
different times ; but as this seldom varies above ^ part of the 
whole, we may conclude, that though many of the irregulari- 
ties contained in the experiments referred to in the foregoing^ 
essay might arise . from this cause, yet, as all the principal 
conclusions itre drawn from the medium of a considerable 
number, many whereof were made at different times, it is 
presumed that they will nearly agree with the truth, and be 
altogether sufficient for regulating the practical construction of 
those kind of machines, for which use they were principally 
intended. 
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About the year 1686 Sir Isaac Newton first published hia 
Principia, and, conformably to the language of mathematicians 
of those times, defined, that " the quantity of motion is the 
measure of the same, arising from the velocity and quantity 
of matter conjointly." Very soon after this publication, the 
truth or propriety of this definition was disputed by certain 
philosophers, who contended that the measure of the quantity 
of motion should be estimated by taking the quantity of matter 
and the square of the velocity conjointly. There is nothing 
more certain, than that from equal impelling powers, acting 
for equal intervals of time, equal increases of velocity are 
acquired by given bodies, when unresisted by a medium ; thus, 
gravity causes a body, in obeying its impulse during one second 
of time, to acquire a velocity which would carry it uniformly 
forward, without any additional impulse, at the rate of 
32 ft. 2 in. per second; and, if gravity is suflered to act upon 
it for two seconds, it will have, in that time, acquired a velo- 
city that would carry it, at an uniform rate, just double of 

G 
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the former ; that is, at the rate of 64 ft. 4 in. per second. Now, 
if, in consequence of this equal increase of velocity, in an equal 
increase, of time, by the continuance of the same impelling 
power, we define that to be a double quantity of motion, which 
is generated in a given quantity of matter, by the action of the 
same impelling power for a double time, — this will be co- 
incident with Sir Isaac Newton's definition above mentioned ; 
whereas, in trying experiments upon the total effects of bodies 
in motion, it appears, that when a body is put in motion, by 
whatever cause, the impression it will make upon an uni- 
formly resisting medium, or upon uniformly yielding sub- 
stances, will be as the mass of matter of the moving body, 
multiplied by the square of its velocity : the question, there- 
fore, properly is, whether those terms, the quantity ofmotioUy 
the momenta of bodies in motion, or forces of bodies in motion, 
which have generally been esteemed synonymous, are, with 
the most propriety of language, to be esteemed equal, double, 
or triple, when they have been generated by an equable im- 
pulse, acting for an equal, double, or triple time ; or that it 
should be measured by the effects being equal, double, or 
triple, in overcoming resistances before a body in motion can 
be stopped? For, according as those terms are understood 
in this or that way, it will necessarily follow, that the momenta 
of equal bodies will be as the velocities, or as the squares 
of the velocities respectively ; it being certain that, which- 
ever we take for the proper definition of the term quantity 
of motion, by paying a proper regard to the collateral cir- 
cumstances that attend the application of it, the same conclu- 
sion, in point of computation, will result, I should not, 
therefore, have thought it worth while to trouble the Society 
upon this subject, had I not found, that not only myself and 
other practical artists, but also some of the most approved 
writers, had been liable to fall into errors, in applying these 
doctrines to practical mechanics, by sometimes forgetting or 
neglecting the due regard which ought to be had to these col- 
lateral circumstances. Some of these errors are not only very 
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considerable in themselves, but also of great consequence to 
the public, as they tend greatly to mislead the practical artist 
in works that occur daily, and which often require very great 
sums of money in their execution. I shall mention the fol- 
lowing instances. 

Desaguliers, in his second volume of Experimental Philo- 
sophy, treating upon the question concerning the forces of 
bodies in motion, after taking much pains to shew that the 
dispute, which had then subsisted fifty years, was a dispute 
about the meaning of words ; and that the same conclusion will 
be brought out, when things are rightly understood, either upon 
the old or new opinion, as he distinguishes them ; among other 
things, tells us, that the old and new opinion may be easily 
reconciled in this instance ; that the wh^el of an undershot 
watermill is capable of doing quadruple work when the 
velocity of the water is doubled, instead 6f double work only ; 
" because, the adjutage being the same," says he, " we find, 
that as the water's velocity is double, there are twice the number 
of particles oi water that issue out, and, therefore, the ladle- 
board is struck by twice the matter, which matter moving 
with twice the velocity that it had in the first case, the whole 
efiect must be quadruple, though the instantaneous stroke of 
each particle is increased only in a simple proportion of the 
velocity." See Vol. II. Annotations on Lecture 6th, p. 92. 

Again, in the same volume, lecture 12th, p. 424, referring to 
what went before, he tells us, '* The knowledge of the fore- 
going particulars is absolutely necessary for setting an under- 
shot wheel to work ; but the advantage to be reaped from it 
would be still guess work, and we should be still at a loss to 
find out the utmost it can perform, if we had not an ingenious 
proposition of that excellent mechanic, M. Parent, of the 
Royal Academy of Sciences, who has given us a maximum in 
this case, by shewing that an undershot wheel can do the 
most work, when its velocity is equal to the third part of the 
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velocity of the water that drives it, &c., because then two- 
thirds of the water is employed in driving the wheel with a 
force proportionable to the square of its Velocity, If we mul- 
tiply the surface of the adjutage, or opening, by the height of 
the water, we shall have the column of water that moves the 
wheel. The wheel, thus moved, will sustain on the opposite 
side only four-ninths of that weight, which will keep it in equi- 
librio ; but what it can move with the velocity it goes with, 
will be but one-third of that weight of equilibrium ; that is, 
sSths of the weight of the first column, &c. This is the utmost 
that can be expected." 

The same conclusion is likewise adopted by Maclaurin, in 
art. 907, p. 728 of his Fluxions, where, giving the fluxionary 
deduction of M. Parent's proposition, he says, " that if A repre- 
sents the weight which would balance the force of the stream, 
when its velocity is a; and U represents the velocity of the 
part of the engine, which it strikes when the motion of the 
machine is uniform, &c. The machine will have the greatest 

effect when U is equal to — ; that is, if the weight that is raised 

o » 

by the engine be less than the weight which would balance the 

power, in the proportion of 4 to 9, and the momentum of the 

. , . . 4Aa „ 
weight is -^. 

Finding that these conclusions were far from the truth, and 
seeing, from many other circumstances, that the practical theory 
of making water and windmills was but very imperfectly deli- 
vered by any author I had then an opportunity of consulting ;* 



* Belidor, Architecture Hydrauliqtie^ greatly prefers the application of water 
to an undershot mill, instead of an overshot ; and attempts to demonstrate, that 
water applied undershot, will do six times more execution than the same applied 
overshot. See Vol. I. p. 186. Wliile Desaguliers, endeavouring to invalidate 
what had been advanced by Belidor, and greatly preferring an overshot to an 
undershot, says (Annotat. on Lecture 12, Vol. II. p. 532), that from his own expe« 
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in the year 1751 I began a course of experiments npou this 
sabject. These experiments, with the conclusions drawn from 
them, have already been communicated to this Society, who 
printed them in Vol. LI. of their Transactions for the year 1759, 
and for this communication I had the honour of receiving the 
annual medal of Sir Godfrey Copley, from the hands of our 
very worthy President, the late Earl of Macclesfield. These 
experiments and conclusions stand uncontroverted, so far as I 
know, to this day : and having since that time been concerned 
in directing the construction of a great number of mills, which 
were all executed upon the principles deduced from them, I have 
by that means had many opportunities of comparing the effects 
actually produced with the effects which might be expected 
from the calculation ; and the agreement I have always found 
between these two, appears to me fully to establish the truth of 
the principles upon which they were constructed, when applied 
to great works, as well as upon a smaller scale in models. 

Respecting the explanatory deduction of Desaguliers in the 
first example above mentioned, which, indeed, I have found 
to be the commonly received doctrine among theoretical me- 
chanics, it is shewn, in my former Essay, pp. 24, 25, and 27, 
Part L, Maxim 4, that, where the velocity of water is double, 
the adjutage or aperture of the sluice remaining the same, the 
effect is eight times ; that is not as the square, but as the cube 
of the velocity; and the same is investigated concerning the 

rience, ^ a well-made overshot mill ground as much corn in the same time with ten 
times less water ; so that betwixt Belidor and Desaguliers, here is a difference of 
no less than 60 to 1. 

Again, Belidor, VoL II. p. 72, says, that the centre of gravity of each sail of a 
windmill should travel in its own circle with one-third of the velocity of the wind ; 
so that, taking the distance of this centre of gravity from the centre of motion at 
20 feet, as he states it, p. 38, art. 849, the circumference will be exceeding 126 feet 
English measure : a wind, therefore, to make the mill go twenty turns per minute, 
which they frequently do with a fresh wind, and all their cloth spread, would re- 
quire the wind to move above eighty miles an hour ; a velodty perhaps hardly 
equalled in the greatest storms we experience in this climate. 
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power of the wind arising from differejice of velocity, p. 62, 
being Part III., Maxim 4. 

The conclusion in the second example above-mentioned, 
adopted both by Desaguliers and Maclaurin, is not less wide 
of the truth than the foregoing ; for, if that conclusion were 
true, only -jV^s of the water expended could be raised back 
again to the height of the reservoir from which it had de- 
scended, exclusively of all kinds of friction, &c., which would 
make the actual quantity raised back again still less ; that is, 
less than one-seventh of the whole ; whereas, it appears from 
Tab. I. of the preceding Essay, that in some of the experi- 
ments there related, even upon the small scale on which they 
were tried, the work done was equivalent to raising back again 
about one quarter of the water expended : and in lai^e works 
the effect is still greater, approaching towards half, which 
seems to be the limit for the undershot mills, as the whole 
would be the limit for the overshot mills, if it were possible to 
set aside all friction, resistance from the air, &c. See p. 37. 

The velocity also of the wheel, which, according to M. Pa- 
rent's determination, adopted by Desaguliers and Maclaurin, 
ought to be no more than one-third of that of the water, varies 
at the maximum in the above mentioned experiments of Tab. I., 
between one-third and one-half; but in all the cases there 
related, in which the most work is performed in proportion 
to the water expended, and which approach the nearest to the 
circumstances of great works, when properly executed, the 
maximum lies much nearer to one-half than one-third; one- 
half seeming to be the true maximum, if nothing were lost by 
the resistance of the air, the scattering of the water carried up 
by the wheel, and thrown off by the centrifugal force, &c,, all 
which tend to diminish the effect more, at what. would be the 
maximum if these did not take place than they do when the 
iQOtion is a little slower. 
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Finding these matters, as well as others, to come out in the 
experiments so very different from the opinions and calculations 
of authors of the first reputation, who, reasoning according 
to the Newtonian definition, must have 6een led into these 
errors from a want of attending to the proper collateral cir- 
cumstances ; I thought it very material, especially for the prac- 
tical artist, that he should make use of a kind of reasoning in 
which he should not be so liable to mistakes ; in order, there- 
fore, to make this matter perfectly clear to myself, and possibly 
so to others, I resolved to try a set of experiments, from whence 
it might be inferred what proportion or quantity of mechanical 
power is expended in giving the same body different degrees 
of velocity * This scheme was put in execution in the year 
1769, and the experiments were then shewn to several friends, 
particularly my very worthy and ingenious friend, Mr. William 
Russel. 

In my Experimental Inquiry concerning the Powers of 
Water and Wind, before referred to, I have, p. 6, Part I. 
defined what I meant by power as applied to practical mecha- 
nics, that is, what I now call mechanical power; which, in 



* The charge of these mistakes to reasoning on Newton's definition of the 
measure of motion is not quite correct. Desaguliers reasons correctly as far as 
/his reasoning extends, in p. 77* And the force on the paddle or float-boards will 
he in the ratio he has assigned ; but the velocity of the wheel must be increased so 
as to bear the same relation to the velocity of the stream as before, and, therefore, 
the force on the wheel will be as the square, and the work done, as the cube of the 
velocity. If Desaguliers did not intend so, he contradicts himself in the next para- 
graph, when he states that the, column of water drives " the wheel with a force 
proportionable to the square of the velocity," and with a velocity equal to a third 
part of the velocity of the water. 

The defect of the investigations of Parent and Maclaurin is quite of a different 
nature. They suppose the impulse of a fluid to be proportional to the square of the 
difference between the velocities of the stream and the wheel. This appears to be 
true only when a float-board impels a fluid ; and the right proportion when the fluid 
impels the wheel is, the difference between the squares of the velocities of the 
stream before and after its action on the wheeL The application of this theory is 
shewn in the note on p. 1 4. — . £d. 
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terms synonymous to those there used, may be said to be mea- 
sured by multiplying the weight of the body into the perpendi- 
cular height from which it can descend ; thus the same weight, 
descending from a double height, is capable of producing a 
double mechanical effect, and is, therefore^ a double mechanical 
power. A double weight descending from the same height is 
also a double power, because it likewise is capable of producing 
a double effect ; and a given body, descending through a given 
perpendicular height, is the same power as a double body 
descending through half that perpendicular ; for, by the inter- 
vention of proper levers, they will counterbalance one another, 
conformably to the known laws of mechanics, which have never 
been controverted. It must, however, be always understood, 
that the descending body, when acting as a measure of power, 
is supposed to descend slowly, like the weight of a clock or a 
jack; for, if quickly descending, it is sensibly compounded 
with another law, viz. the law of acceleration by gravity. 



DESCRIPTtON OF THE MACHINE. 

A B is the base of the machine placed upon a table. 

A C is a pillar or standard. 

C D is an arm, upon the extremity of which is fixed a plate 
f gj which is here seen edgeways, through which is a small 
hole for receiving a small steel pivot «, fixed in the top of the 
upright axis e B ; the lower end of this axis finishes in a conical 
steel point, which rests upon a small cup of hard steel polished 
at B. 

H I is a cylinder of white fir, which passes through a per- 
foration in the axis, and therein fixes ; and, upon the two arms 
formed thereby, are capable of sliding. 
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K L, two cylindric weights of lead of equal size, which are 
capable of being fixed upon any part of the eylindric arms, 
from the axis to their extremities, by means of two thin wedges 
of wood. The two weights, therefore, being at equal distances 
from the centre, and the axis perpendicular, the whole will be 
balanced upon the point B, and movable thereupon by an 
impelling power, with very little friction. 

Upon the upper part of the axis are formed M N, two cylin- 
drical barrels, whereof M is double the diameter of N ; they 
have a little pin stuck into one side of each at o, p. 

Q is a piece capable of sliding higher or lower, as occasion 
requires ; and carries 

R, a light pulley of about three inches diameter, hung upon 
a steel axis, and movable upon two small pivots. The plane 
of the pulley, however, is not directed to the middle of the 
upright axis, but a little on one side, so as to point (at a mean) 
between the surface of the bigger barrel and the less. 

S is a light scale for receiving weights, and hangs by a 
small twine, cord, or line, that passes the pulley, and terminates 
either upon the bigger barrel or the less, as may be required ; 
the sliding piece Q being moved higher or lower for each, that 
the line, in passing from the pulley to the barrel, may be nearly 
horizontal. The end of the line that is furthest from the scale 
is terminated by a small loop, which hangs upon the pin o, 
or the pin p, according as the bigger or the lesser barrel is to be 
used. 

Now, having wound up a certain number of turns of the line 
upon the barrel, and having placed a weight in the scale S, it 
is obvious, that it will cause the axis to turn round, and give 
motion to its arms, and to the weights of lead placed thereon, 
which are the heavy bodies to be put in motion by the impulse 
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of the weight in the scale ; and when the line is wound off to 
the pin, the loop slips off, and the scale then falling down, the 
weight will cease to accelerate the motion of the heavy bodies, 
and leave them revolving, equably forward, with the velocity 
they have acquired, except so far as it must be gradually les- 
sened by the friction of the machine and resistance of the air, 
which being small, the bodies will revolve sometime before 
their velocity is apparently diminished. 



MEASURES OF SOME PARTS OF THE MACHINE. 

Inches. 

Diameter of the cylinders of lead or the heavy bodies • . 2-57 

Length of ditto 1*56 

Diameter of the hole therein -72 

Weight of each cylinder 3 lbs. avoirdupois. 

Greater distance of the middle of each body from the\ 

n t » I 0*20 

centre of the axis ) 

The smaller distance of ditto 3-92 

10 turns of the smaller barrel raises the scale, 5 ditto oft ^^ ^^ 

26"25 



the bigger ditto 



:'} 



When the bodies are at the smaller distance above specified, 
from the axis of rotation, they are then in effect at half the 
greater distance from that axis : for, since the axis itself, and 
the cylindric arms of wood, keep an unvaried distance from the 
centre of rotation, the bodies themselves must be moved nearer 
than half their former distance, in order that, compounded with 
the unvariable parts, they may be virtually at the half distance. 
In order to find this half distance nearly, I put in an arm of the 
same wood, that only went through the axis, without extending 
in the opposite direction ; one of the bodies being put upon the 
end of this arm, at the distance of 8*25 inches, the whole ma- 
chine was inclined till the body and arm became a kind of pen- 
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dulum, and vibrated at the rate of 92 times per minate ; and as 
a pendulum of the half length vibrates quicker in the propor- 
tion of is/ 1 to V 2 ; that is, in the proportion of 92 to 130 
nearly ; therefore, keeping the same inclination of the machine, 
the weight was moved, upon the arm till it made 130 vibra- 
tions per minute ; which was found to be, when it was at 3*92 
inches distance froni the centre, as above stated, which is about 
^*^ths of an inch nearer than the half distance. The double 
arm was then put in, and marked accordingly, and the bodies 
being mounted thereon, the whole was adjusted ready for use ; 
and with it were tried the following experiments, each of which 
was repeated so many times as to be fully satisfactory. 
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The 58^" in No. 3, col. 7, was determined in fact from 
29 J", being the time of making 10 equable revolutions after the 
weight was dropped off, in order to prevent the sensible re- 
tardation that might take place and affect the observation, if 
continued for 20 revolutions made so slowly. 



FURTHER DEFINITIONS. 

I have already defined what I mean by mechanic power ; 
but, before I proceed further, it will be necessary also to define 
the following terms : — 



Impulse or Impulsion, ^ By all which, I understand 

Impulsive Force or Power, v the uniform endeavour that 
Impelling Force or Power, y one body exerts upon another, 
in order to make it move ; and that, whether it produces or 
generates motion by this endeavour or not ; and the quantity of 
this impelling power may be measured either by its being a 
weight of itself, or by being counterbalanced by a weight. It 
may also act either immediately upon the body to be moved, so 
that if motion is the consequence, they move with the same ve- 
locity, and that, either by a simple contact, or by bdng drawn 
as by a cord, or pushed as by a staff; or^it may act by the 
intervention of a lever or other mechanic instrument, in which 
the velocity of the body to be moved may be very different from 
the velocity of the impelling power or mover : but, in comparing 
them, the impelling powers must be reduced according to the 
proportional velocities of the mover and moved ; or, in levers of 
different lengths, they may be compared by a standard length of 
lever, which is the method taken in the subsequent reasoning 
upon the preceding experiments. An impelling power, therefore, 
consisting of a double weight, or requiring a double weight to 
counterbalance it, when acting with equal levers, is a double 
impelling power, or an impelling power of double the intensity. 
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OBSERVATIONS AND DEDUCTIONS FROM THE PRECEDINdF 
EXPERIMENTS. 



1st. By the first experiment it appears, that the mechanic 
power employed, consisting of eight ounces in the scale^ delibe- 
rately descending (by 5 tarns of the bigger barrel) through a per- 
pendicular space 25i inches, will represent the quantity of me- 
chanic power which causes the two heavy bodies^ from a state of 
rest; to acquire a velocity such as to carry them equably 
through 20 circumferences of their circle of revolution in the 
space of 29" ; and that the time in which the mechanic power 
produced this effect was 14|", as appears by column 6th. And 
this mechanic power we shall express by the number 202, the 
product of the number of ounces in the scale multiplied by the 
inches in its perpendicular descent, for 8 x 26 J = 202. 

2dly. By the second experiment, as 10 turns of the smaller bar- 
rel are equal to the same perpendicular height as 5 turns of the 
bigger, it follows that the same mechanic power, viz. 202, 
acting upon the same heavy bodies to accelerate them, produces 
the very same effect in generating motion in the bodies as it did 
before, viz. 30 revolutions in 29 J", the small difference of J of a 
second being no more than may reasonably be attributed to the 
unavoidable errors arising from friction of the machine, want of 
perfect accuracy in its measures, resistance of the air, and im- 
perfections in the observations themselves, which must not only 
be allowed for in this, but the rest ; but as the impelling power 
is acting here upon a lever of but half the length, and, conse- 
quently, but half the intensity, when referred to the bodies to 
be moved, it takes just double the time to generate the same 
velocity therein. 

Deduction. It appears from hence, that the same me- 
chanic power is capable of producing the same velocity in a given 
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body, whether it is applied so as to produce it in a greater or a 
lesser time ; but that the time taken to produce a given velocity 
by an uniformily continued action, is in a simple inverse pro- 
portion of the intensity of the impulsive power. 

3dly. The third experiment being made with 2J turns of 
the lesser barrel, the same weight in the scale of 8 ounces 
descending only one quarter part of the former perpendicular, 
the mechanic power employed will be only one quarter part of 
the former, viz. 50 J ; but, as one quarter part of the mechanic 
power produces half of the former velocity in the heavy bodies — 
that is, they make 20 revolutions in 58^'', that is near 10 
revolutions in 29" — we may conclude, in this instance, that the 
mechanic power employed in producing motion, is as the 
square of the velocity produced in the same body : and that 
the velocity produced, is as the time that an impelling power of 
the same intensity continues to act upon it, as appears by the 
near agreement of Nos. 2 and 3, col. 6th. 

4thly. In the fourth experiment, the apparatus is the same 
as the first, only here the weight in the scale is 32 ounces ; that 
is, the impelling power is the quadruple of the first, and hereby 
a double velocity is given to the bodies, for they make 20 revo- 
lutions in 14'', which is a small matter less than half the time 
taken up in making 20 revolutions in the first experiment. It 
also appears, that the velocity acquired is simply as the impelling 
power compounded with the time of its action ; for a quadruple 
impulsion, acting for 1" instead of 14", generates a double 
velocity, while the mechanic power employed to generate it 
is quadruple, for 32 x 264 = 808. And here the mechanic 
power employed being four times greater than the first, it 
holds here also, that the mechanic power, to be necessarily 
employed, is as the square of the velocity to be generated ; that 
is, in the same proportion as turned out in the third experiment, 
where the mechanic power employed was only a quarter part of 
the first. 
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Sthly. The fifth and sixth experiments were made with a 
mechanic power four times greater than those employed in 
Nos. 2 and 3 respectively; and since the same deductions 
result from hence as from Nos. 2 and 3, they are additional 
confirmations of the conclusions drawn from them, and from 
the last article. 

6thly. In the seventh experiment, the disposition of the ap- 
paratus is the same as No. 1, only here the bodies are placed 
upon the arms at the half-length ; from whence it appears, that 
the same mechanic power still produces the same velocity in 
the same bodies ; for, though 20 revolutions were performed 
in HI'; (see col. 7), which is nearly half the time that 20 
revolutions were performed in the first experiment ; yet, since 
the circles in which the bodies revolved in the seventh are only 
of half the circumference as those of No. 1,'it is obvious, 
that the absolute velocity acquired by the moving bodies in the 
two cases is equal. But, by col. 6th, the time in which it was 
generated is only half; yet, notwithstanding, this will coincide 
with the former conclusions, if the intensity of the impelling 
power is compounded therewith ; for, though the barrel was the 
same, with the same number of turns, as in No. 1, and, there- 
fore, the lever the same, by which the impelling power acted ; 
yet, as the bodies upon which this lever was to act, were placed 
upon a lever of only half the length from the centre, the impelling 
power acting by the first lever, would act upon the second 
with double the intensity, according to the known laws of 
mechanics ; that is, it would require a double weight, opposing 
the bodies, to prevent their moving, in order to balance it. An 
impulsive power, therefore, of double the intensity, acting for 
half the time, produced the same efiect in generating motion, as 
an impulsive power, of half the intensity acting for the whole 
time. * 

" 7thly. The eighth and ninth experiments afford the same 
deductions and confirmations relative to the seventh experiment. 
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that the fifth and sixth do respecting the fourth, and that the 
second and third do respecting the first ; and from the near 
agreement of the whole, when the necessary allowances before- 
mentioned are made, together with some small inequality arising 
from the mechanical power lost by the diflference of the motion 
given by gravity to the weight in the scale : I say, from these 
agreements under the very different mechanical powers applied, 
which were varied in the proportion of 1 to 16, we may safely 
conclude, that this is the universal law of nature respecting the 
capacities of bodies in motion to produce mechanical effects, and 
the quantity of mechanic power necessary to be employed to 
produce or generate different velocities (the bodies being sup- 
posed equal in their quantity of matter) ; that the mechanic 
powers to be expended, are as the squares of the velocities to be 
generated, and vice versd ; and that the simple velocities gene- 
rated are as the impelling power compounded with, or multi-^ 
plied by, the time of its action, and vice versd. 

We shall, perhaps, form a still clearer conception of the re- 
lation between velocities produced and the quantity of mechanic 
power required to produce them, together with the collateral 
circumstances attending, by which these propositions, seemingly 
two, are reconciled and united, by stating the following popular 
elucidation, which, indeed, was the original idea that occurred 
to me on considering this subject; to put which to an experi- 
mental proof, gave birth to the foregoing apparatus and ex- 
periments. \ 

Suppose, then, a large iron ball of 10 feet diameter, turned 
truly spherical, -and set upon an extended plane of the same 
metal, and truly level. Now, if a man begins to push at it, 
he will find it very resisting to motion at first ; but by continu- 
ing the impulse, he will gradually get it into motion, and 
having nothing to resist it but the air, will, by continuing his 
efforts, at length get it to roll almost as fast as he can run. 
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Suppose, now, in the first minute, he gets it rolled through a 
space of one yard ; by this motion, proceeding from rest (similar 
to what happens to falling bodies), it would continue to roll 
forward, at the rate of two yards per minute, without further 
help ; but supposing him to continue his endeavours, at the end 
of another minute he will have given it a velocity capable of 
carrying it through a space of two yards more, in addition to 
the former, that is, at the rate of four yards per minute ; and 
at the end of the third minute, he has again added an equal 
increase of velocity, and made it proceed at the rate of six yards 
per minute ; and so on, increasing its velocity at the rate of two 
yards in every minute. The man, therefore, in the space of 
every minute exerts an equal impulse upon the ball, and gene- 
rates an equal increase of movement correspondent to the de^ 
finition of Sir Isaac Newton. But let us see what happens 
besides : the man, in the first minute, has moved but one 
yard from where he set out ; but he must, in the second minute, 
move two yards more, in order to keep up with the ball ; and 
as he exerted an impulse upon it, so as at the end of the second 
minute to have given it an additional velocity of the two yards, 
he must, also, in this time have gradually changed its velocity 
from the rate of two yards per minute to that of four, and 
the space, that he will of consequence have actually been obliged 
to go through in the second minute, will be according to the 
mean of the extremes of velocity at the beginning and end there- 
of, that is, three yards in the second minute ; so that, being one 
yard from its original place at the beginning of the second mi- 
nute, at the end of it he will have moved the sum of the jour- 
neys of the first and second minute, that is in the whole four 
yards from his original place. As he has now generated a ve- 
locity in the ball of four yards per minute, in the third minute 
he must travel four yards to keep up with the ball, and one 
more in generating the equal increment of velocity ; so that, in 
the third minute, he must travel five yards to keep up the same 
impelling power upon the ball that he did in the first minute in 

H 
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trayelling one, so that these five yards, in the third minute, 
added to the four yards that he had travelled in the two preced- 
ing minutes^ sets liim at the end of the third minute, nine yards 
from whence he set out, having then given the ball a velocity 
capable of carrying it uniformily forward at the rate of six yards 
per minute, as before stated. We may now leave the further 
pursuit of these proportions, and see how the account stands. 
He generated a velocity of two yards per minute in the first 
minute, the square of which is four, when he had moved but 
one yard from his place ; and he had generated a velocity of 
six yards per minute, the square of which is thirty-six, at the 
end of the third minute, when he had travelled nine yards from 
h:s place. Now, since the square of the velocity, generated 
at the end of the first minute, is to that of the velocity generated 
at the end of the third minute, as 4 : 36, that is as 1 : 9 ; and 
since the spaces moved through by jtlie man to communicate 
these velocities, are also as 1 : Q, it follows, that the spaces 
through which the man must travel, in order to generate these 
velocities respectively (preserving the impelling power perfectly 
equal) must be as the squares of the velocities that are com- 
municated to the ball; for, if the man was to be brought 
back again to his original place by a mechanical power, equally 
exerted upon the n^an equally resisting, this would be the mea- 
sure of what the man has done in order to give motion to the 
ball. It, therefore, directly follows, conformably to what has 
been deduced from the experiments, that the mechanic power 
that must of necessity be employed in giving different degrees 
of velocity to the same body, must be as the square of that 
velocity ; and if the converse of this proposition did not hold, 
viz. that if a body in motion, in being stopped, would not pro- 
duce a mechanical effect, equal or proportional to the square 
of its velocity, or to the mechanical power employed in pro- 
ducing it, the effect would not correspond with its producing 
cause. 
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Thus, the consequences of generatiijg motion upon a level 
plane exactly correspond with the generating of motion by 
gravity ; viz. that, though in two seconds of time, the equal im- 
pulsive power of gravity gives twice the velocity to a body that 
it does in one second, yet this collateral circumstance attends 
it, that, at the end of the double time, in consequence of the 
velocity acquired in the first half the body has fallen from where 
it set forward through four times the perpendicular ; and, there- 
fore, though the velocity is only doubled, yet four times the 
mechanical power had been consumed in producing it, as four 
times the mechanical power must be expended in bringing up 
the fallen body to its first place. 

This, then, appears to be the foundation, not only of the 
disputes that have arisen, but of the mistakes that have been 
made, in the application of the different definitions of quantity 
of niotion ; that while those, that have adhered to the definition 
of Sir Isaac Newton, have complained of their adversaries, in 
not considering the time in which effects are produced, they 
themselves have not always taken into the account the space 
ttat the impelling power is obliged to travel through in pro- 
ducing the different degrees of velocity. It seems, therefore, that, 
without taking in the collateral circumstances, both of time and 
space, the terms, quantity of motion, momentum^ and force 
of bodies in motion, are absolutely indefinite ; and that they 
cannot be so easily, distinctly, and fundamentally compared, 
as by having recourse to the common measure, viz. mechanic 
power. 

From the whole of what has been investigated, it therefore 
appears, that time, properly speaking, has nothing to do with 
the production of mechanical effects, otherwise than as, by 
equally flowing, it becomes a common measure; so that, 
whatever mechanical effect is found to be produced in a given 
time, the uniform continuance of the action of the same me- 
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chanical power will, in a double time, produce two such effects, 
or twice that effect. A mechanical power, therefore, properly 
speaking, is measured by the whole of its mechanical effect 
produced, whether that effect is produced in a greater or a lesser 
time ; thus, having treasured up 1000 tuns of water, which I 
can let out upon the overshot wheel of a mill, and, descend- 
ing through a perpendicular of 20 feet, this power applied to 
proper mechanic instruments, will produce a certain effect, that 
is, it will grind a certain quantity of com : and that, at a certain 
rate of expending it, it will grind this com in an hour. But 
suppose the mill equally adapted to produce a proportionable 
effect, by the application of a greater impulsive power as with 
a less ; then, if I let out the water twice as fast upon the 
wheel, it will grind the corn twice as fast, and both the water 
will be expended, and the com ground in half an hour. Here 
the same mechanical effect is produced ; viz. the grinding a 
given quantity of corn, by the same mechanical power, viz. 
1000 tuns of water, descending through a given perpendicular 
of 20 feiet, and yet this effect is in one case produced in half the 
time of the other. What time, therefore, has to do in the busi- 
ness is this : let the rate of doing the business, or producing 
the effect, be what it will, if this rate is uniform, when I 
have found by experiment what is done in a given time, then 
proceeding at the same rate, twice the effect will be produced 
in twice the time, on supposition that I have a supply of me- 
chanic power to go on with. Thus, 1000 tuns of water, de- 
scending through 20 feet of perpendicular, being, as has 
been shewn, a given mechanic power, let me expend it at 
what rate I will, if, when this is expended, I must wait ano- 
ther hour before it be renewed, by the natural flow of a river, 
or otherwise, I can then only expend twelve such quantities of 
power in 24 hours : but if, while I am expending 1000 tuns 
in one hour, the stream renews me the same quantity, then 
I can expend 24 such quantities of power in 24 hours : that is, 
I can go on continually at that rate, and the product or effect 
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will be in proportion to time, which is the common measure ; 
but the quantity of mechanic power arising from the flow 
of the two rivers, compared by taking an equal portion of 
time^ is double in the one to the other, though each has a mill, 
that, when going, will grind an equal quantity of corn in an 
hour. 
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It is universally acknowledged, that the first simple principles 
of science cannot be too critically examined, in order to their 
being firmly established ; more especially those which relate to 
the practical and operative parts of mechanics, upon which 
much of the active business of mankind depends. A sentiment 
of this kind V occasioned my tract upon Mechanic Power, which 
is the second paper of this volume. What I have now to ofier 
was intended as a supplement thereto, and the experiments were 
then, in part, tried ; and the completion thereof was deferred at 
that time, partly from want of leisure ; partly to avoid too great 
a length of the paper itself; and partly to avoid the bringing 
forward too many points at once. 

My present purpose is to shew, that the true doctrine of the 
Collision of Bodies hangs, as it were, upon the same hook as 
the doctrine of the gradual generation of motion from rest, cout 
sidered in that paper ; that is, that whether bodies are put into 
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gradual motion, and uniformly accelerated from rest to any 
given velocity ; or are put in motion in an instantaneous 
manner, when bodies of any kind strike one another ; the 
motion or sum of the motions produced, has the same relation 
to mechanic power therein defined, which is necessary to pro- 
duce the motion desired. To prove this^ and at the same time 
to shew some capital mistakes in principle, which have been 
assumed as indisputable truths by men of great learning, is the 
reason of my now pursuing the same subject. 

I do not mean to point out the particular mistakes which 
have been made by particular men, as that would lead me into 
too great a length ; I shall, therefore, content myself with ob- 
serving, that the laws of collision, which have been investi- 
gated, by mathematical philosophers, are principally of three 
kinds ; viz. those relating to bodies perfectly elastic ; to bodies 
perfectly unelastic, and perfectly soft ; and to bodies perfectly 
unelastic, and perfectly hard. To avoid prolixity, I shall con- 
sider in each, only the simple case of two bodies which are 
equal in weight or quantity of matter striking one another. 
Respecting those which are perfectly elastic, it is universally 
agreed, that when two such bodies strike one another, no motion 
is lost ; but that in all cases, what is lost by one is acquired by 
the other : and hence, that if an elastic body in motion strikes 
another at rest, upon the stroke the former will be reduced to a 
state of rest, and the latter will fly off with an equal velocity. 

In like manner, if a non-elastic soft body strikes another at 
rest, they neither of them remain at rest, but proceed together 
from the point of collision with exactly one half of the velocity 
that the first had before the stroke: this is also universally 
allowed to be true, and is fuUy proved by every good experi- 
ment upon the subject. 

Respecting the third species of body, that is, those that are 
non-elastic, and yet perfectly hard : the laws of motion relating 
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to them, as laid down by one species of philosophers, have been 
rejected by another ; the latter alleging that there are no such 
bodies to bis found in nature whereon to try the experiment ; 
but those who have laid down and assigned the doctrine that 
would attend the collision of bodies of this kind (if they could 
be found), have universally agreed, that if a non-elastic hard 
body was to strike another of the same kind at rest, that, in the 
same manner as is agreed concerning non-elastic soft bodies, 
they neither of them would remain at rest, but would in like 
manner proceed from the point of collision, with exactly one-half 
of the velocity that the first had before the stroke : in short, they 
lay it down as a rule attending all non-elastic bodies, whether 
hard or soft, that the velocity after the stroke will be the same 
in both, viz. one-half oi the velocity of the original striking body. 

Here is, therefore, the assumption of a principle, which, in 
reality is proved by no experiment, nor by any fair deduction of 
reason that I know of, viz. that the velocity of non-elastic hard 
bodies after the stroke must be the same as that resulting from 
the stroke of non-elastic soft bodies ; and the question now is, 
whether it be true or not? 

Here it may be very properly asked, what ill efiects can 
result to practical men, if philosophers should reason wrong 
concerning the effects of what does not exist in nature^ since the 
practical men can have no such materials to work upon, or mis- 
judge of? But it is answered, that they who infer an equality 
of effects between the two sorts, may, from thence, be misled 
themselves, and, in consequence, mislead practical men in their 
reasonings and conclusions concerning the sort with which they 
have abundant concern, to wit, the non-elastic soft bodies^ of 
which water is one, which they have much to do with in their 
daily practice. 

Previous to the trying my experiment on mills, I never had 
doubted the truth of the doctrine, that the same velocity resulted 
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from the stroke of both sorts of non-elastic bodies ; but the trial 
of those experiments made me cleariy see at least the incon- 
clusivenesSy if not the falsity^ of that doctrine : because I found 
a result which I did not expect to have arisen from either sort ; 
and for the which, when it appeared from experiment, I could 
see a substantial reason why it should take place in one sort, 
and that it was impossible that it could take place in the other ; 
for, if it did, the bodies could not have been perfectly hard^ 
which would be contrary to the hypothesis : of this deduction I 
have given notice in my said tract on mills, p. 38. — The effect y 
therefore^ of overshot wheehy ^c. 

. It may also be said, that since we have no bodies perfectly 
elastic, or perfectly unelastic and soft^ why should we expect 
bodies perfectly unelastic and hard? Why may not the effects 
be such as should result from a supposition of their being im- 
perfectly elastic joined with their being imperfectly hard? But 
here I must observe, that the supposition appears to be a con- 
tradiction in terms. 

We have bodies which are so nearly perfectly elastic, that 
the laws may be very well deduced and confirmed by them ; and 
the same obtains with respect to non-elastic soft bodies ; but, 
concerning bodies of a mixed nature^ which are by far the 
greatest number, so far as they are wanting in elasticity, they 
are softy and bruise, yield, or leave a mark in collision ; and so 
far as they are not perfectly soft, they are elastic, and observe a 
mixture of the law relative to each ; but imperfectly elastic 
bodies, imperfectly hard, come, in reality, under the same de- 
scription as the former mixed bodies ; for, so far as they are im- 
perfectly hard, they are soft, and either bruise and yield, or leave 
a mark in the stroke ; and so far as they want perfect elasticity, 
they are non-elastic ; that is to say, they are bodies imperfectly^ 
elastic, and imperfectly soft ; and in fact, I have never yet seen 
any bodies but what come under this description. It seems, 
therefore, that respecting the hardness of bodies they differ in de- 
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grees of it, in proportion as they have a greater degree of tena- 
city or cohesion ; that is, are farther removed from perfect 
softness, at the same time that their elastic springs, so far as 
they reach, are very stiff: and hence we may (by the way) 
conclude, that the same mechanic power that is required to 
change the figure, in a small degree, of those bodies that have 
the popular appellation of hard bodies, would change it in a 
great degree in those bodies that approach towards softness, by 
having a small degree of tenacity or cohesion. In the former 
kind we may rank the harder kinds of cast iron, and in the 
latter^ soft tempered clay. 

While the philosophical world was divided by the dispute 
about the old and new opinion, as it was called, concerning the 
power of bodies in motion, in proportion to their different velo- 
cities ; those who held the old opinion contending that it was 
as the velocity simply, asked those of the new, how, upon their 
principles, they would get rid of the* conclusions arising from 
the doctrine of unelastic perfectly hard bodies? They replied, 
they found no such bodies in nature, and, therefore, did not 
concern themselves about them. On the other hand, those 
of the new opinion asked those of the old, how they would 
account for the case of non-elastic 30ft bodies, where^ accord- 
ing to them, the whole motion lost by the striking body was 
retained in the two after the ^troke (the two bodies moving 
together with the half velocity), though the two non-elastic 
bodies had been bruised and changed their figure by the stroke; 
for, if no motion was lost, the change of figure must be an 
effect without a cause? To obviate this, those of the old 
opinion seriously set about proving, that the bodies might 
change their figures, without any loss of motion in either of 
the striking bodies. 

Neither of these answers have appeared to me satisfactory; 
especially since my mill experiments : for, with respect to the 
first, it is no proper argument to urge the impossibility of 
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finding the proper material for an experiment, in answer to a 
conclusion drawn from an abstract idea. On the other hand, 
if it can be shewn that the figure of a body can be changed, 
without a power J then, by the same law, we might be able to 
make a forge hammer work upon a mass of soft iron> without 
any other power than that necessary to overcome the friction, 
resistance, and original vis inertice, of the parts of the machine 
to be put in motion : for, as no progressive motion is given the 
mass of iron by the hammer (it being supported by the anvil), 
no power can be expended that way ; and, if none is lost to the 
hammer from changing the figure of the iron, which is the only 
efiect produced, then the whole power must reside in the ham- 
mer, and it would jump back again to the place firom which it 
fell, just in the same manner as if it fell upon a body perfectly 
elastic, upon which, if it did fall, the case would really happen : 
the power, therefore, to work the hammer would be the same, 
whether it fell upon an elastic or non-elastic body ; an idea so 
very contrary to all experience, and even apprehension, of both 
the philosopher and the vulgar artist, that I shall here leave it 
to its own condemnation. 

As nothing, however, is so convincing to the mind as expe- 
riments obvious to the senses, I was very desirous of contriving 
an experiment in point ; and as I saw no hopes of finding 
matter to make a direct experiment, I turned my mind ^towards 
an indirect one : so circumscribed, however, as to prove incon- 
testably, that the result of the stroke of two non-elastic perfectly 
hard bodies could not be the same as would result from the 
collision of two soft ones ; that is, if it can be bona fide proved, 
that one-half of the original power is lost in the stroke of soft 
bodies by the change of figure (as was very strongly suggested 
by the mill experiments) : then, since no such loss can happen 
in the collision of bodies perfectly hard, the result and conse- 
quence of such a stroke must be different.* 

* Examining the experiments alladed to, we find tbat the whole mass of the 
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The consequence of a stroke of bodies perfectly hard^ but 
void of elasticity, must doubtless be different from that of bodies 
perfectly elastic : for, having no spring, the body at rest could 
not be driven off with the velocity of the striking body, for that 
is the consequence of the. action of the spring or elastic parts 
between them, as will be shewn in the result of the experi- 
ments ; the striking body will, therefore, not be stopped, and as 
the motion it loses must be communicated to the other, from the 
equality of action and re-action, they will both proceed together, 
with an equal velocity,* as in the case of non-elastic soft bodies: 
the question, therefore, that remains is, what that velocity must 
he ? It must be greater than that of the non-elastic soft bodies, 
because there is no mechanical power lost in the stroke. It 
must be less than that of the striking body, because, if equal, 
instead of a loss of motion by the collision it will be doubled. 



water escapes with about half the velocity of the stream ; hence, one half of the 
fall is employed in this part of the operation on the supposition that the effect is 
due to the action of an uniform force acting with an uniform velocity. The other 
half of the power of the stream produces the same effect as in an overshot mill ; 
consequently, no loss by change of figure, more than of the species termed friction, 
o6curs in the action of fluids by impulse ; they, therefore, cannot be considered of 
the nature of soft bodies. The distinction between the generation of the motion 
of the water by the free action of gravity on the parts of the fluid, and the 
continuance of an uniform motion by the constrained action of gravity has not been 
preserved. The descent of a heavy body, falling freely one second, is 16 feet, and 
its final velocity 32 feet per second ; and it is exactly an equivalent effect to that of 
the same body descending 16 feet with an uniform velocity of 16 feet per second. 
The descent of a fluid is of the same nature as that of a falling body ; and hence it 
can act only with half its final velocity in raising an equal mass, with an uniform 
motion to the same height which generated its velocity. The final momenta in the 
two cases are not equal: for, in the body descending by accelerated motion, the 
whole power is collected in the body ; in the other, it must be imparted as it is 
impressed. — Ed. 

* In order that two bodies may proceed together, the re-action of the body 
struck must be less than the action of the striking body ; otherwise, if its re-action 
were equal to the action, as must be the case with perfectly hard bodies, the body 
struck must move with the velocity of the striking body, while the latter remains 
at rest. — £d. 
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If, therefore^ non-elastic soft bodies lose half their motion, or 
mechanical power, by change of figure in collision, and yet pro- 
ceed together with half the velocity, and the non-elastic hard 
bodies can lose vxme in any manner whatever; then, as they 
must move t(^ether, their velocity must be such as to pre- 
serve the equality of the mechanic power unimpaired, after the 
stroke, the same as it was before it. 

For example, let the velocity of the striking body before the 
stroke be 20, and its mass or quantity of matter 8; then, 
according to the rule deduced firom the experiments in the tract 
on Mechanical Power (see Exp. 3d and 4th, p. 91), that power 
will be expressed by 20 x 20 = 400, which x 8 =3200 ; and 
if half of it is lost in the stroke, in the case of non-elastic soft 
bodies, it will be reduced to 1600; which -7- 16, the double 
quantity of matter, will give 100 for the square of the velocity ; 
the square root of which, being 10, will be the velocity of the 
two non-elastic soft bodies after the stroke, being just one half 
of the original velocity, as it is constantly found to be. But, in 
the non-elastic hard bodies, no power being lost in the stroke, 
the mechanic power will remain after it, as before it, = 3200 ; 
this, in like manner, being divided by 16, the double quantity 
of matter will give 200 for the square of the velocity, the square 
root of which is 14*14, &c., for their velocity after the stroke, 
which is to 10, the velocity of the son-elastic soft bodies after 
the stroke, as the square root of 2 to 1, or as the diagonal of a 
square to its side.* 



* The measure which ought to be applied in this manner is the actual quan- 
tity of motion in the moving body, which is as its mass and velocity ; that is, 
20 X 8 = 160. And, as it is supposed to strike an equal body, the result will 
depend on the nature of the body struck. If it be a soft body, it will experience 
a diange of figure, till the velocity of the two bodies become equal ; and then, the 
mass being 16, we have ijjp » 10 to the common velocity of the bodies, and the 
rest of the power has been expended in producing the change of figure. If the 
bodies be soft, but partially elastic, they will not continue together after the 
stroke, but the sum of their velocities will be equal to half the velocity of the 
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It remains, therefore, now to be proved, that precisely half 
of the mechanic power is lost in the collision of non-elastic, soft 
bodies ; for which purpose my mind suggested the following 
reflections. In the collision of elastic bodies, the efiect, seem- 
ingly instantaneous, is yet performed in time; during which 
time the natural springs residing in elastic bodies, and which 
constitute them such, are bent or forced, till the motion of the 
striking body is divided between itself and the body at rest; 
and in this state the two bodies would then proceed together, as 
in the case of non-elastic soft bodies ; but, as the springs will 
immediately restore themselves in an equal time, and with the 
same degree of impulsive force, wherewith they were bent in 
this re-action, the motion that remained in the striking body 
will be totally destroyed, and the total exertion of the two 
springs, communicated to the original resting body, will cause 
it to fly off with the same velocity wherewith it was struck. 

Upon this idea, if we could construct a couple of bodies in 
such a way that they should eithervact as bodies perfectly elastic, 
or that their springs should at pleasure be hooked up, retained, 
or prevented from restoring themselves, when at their extreme 
degree of bending ; and if the bodies under these circumstances 
observed the laws of collision of non-elastic soft bodies, then it 
would be proved, that one half of the mechanical power residing 
in the striking body would be lost in the action of collision ; 
because the impulsive force, or power of the spring in its resti- 
tution, being cut off or suspended from acting, which is equal to 
the impulsive force or power to bend it (and which alone has 
been employed to communicate motion from one body to the 
other), it would make it evident, that one-half of the impulsive 



striking body, their relative velocities will depend on the elasticity, and the 
power lost will be due to the alteration of figure. In perfectly hard bodies, no 
power being lost in the stroke, the body stmck will proceed with the same velo- 
city as the striking body had before the stroke, while the latter will remain at 
rest.— £d. 

I 
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force is lost in the action^ as the other half remains locked up in 
the springs ; it also follows^ as a collateral circumstance, that be 
the impulsive power of the springs what it may, firom first to 
lasty yet^ as one half of the time of the action is, by this means^ 
cut ofi^, in this sense also it will follow, that one half of the 
mechanic power is destroyed ; or rather, in this case, remains 
locked up in the springs, capable of being re-exerted whenever 
they are set at liberty, and of producing a fresh mechanical 
efiect, equivalent to the motion or mechanical power of the two 
non-elastic soft bodies after their collision. 

Hence we must infer, that the quantity of mechanical power 
expended in displacing the parts of non-elastic soft bodies in 
collision, is exactly the same as that expended in bending the 
springs of perfectly elastic bodies ; but the difference in the ulti- 
mate effect is, that in the non-elastic soft bodies, the power 
taken to displace the parts will be totally lost and destroyed, as 
it would require an equal mechanic power to be raised afresh, 
and exerted in a contrary direction to restore the parts back 
again to their former places ; whereas, in the case of the elastic 
bodies, the operation of half the mechanic power is, as observed 
already, only locked up and suspended, and capable of being 
re-exerted without a further original accession. 

These ideas arose from the result of the experiments tried 
upon the machine described in my said tract upon mechanic 
power, and were also communicated to my very worthy and 
ingenious friend, William Russel, Esq., F.R.S., at the same 
time that I shewed him those experiments in 1759: but the 
mode of putting this matter to a full and fair mechanical trial 
has since occurred ; and, though some rough trials, sufficient 
to shew the effect, were made thereon, prior to the offering 
the Paper on Mechanical Power to the Society, in 1776, 
yet the machine itself I had not leisure to complete to my 
satisfaction till lately ; which I mention to apologise for the 
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length of time that these speculations have taken in bringing 
forward. 

DESCRIPTION OF THE MACHINE FOR COLLISION. 

Fig. 1, Plate V. shews the front of the machine as it 
appears at rest when fitted for use. 

A is the pedestal, and AB the pillar which supports the 
whole ; C D are two compound bodies, of about a pound weight 
each, but as nearly equal in weight as may be. These bodies 
are alike in construction, which will be more particularly ex- 
plained by Fig. 2. These bodies are suspended by two white 
fir rods, of about half an inch diameter, ef and g h being about 
four feet long from the point of suspension to the centre of the 
bodies ; and their suspension is upon the cross-piece II, which 
is mortised through, to let the rods pass with perfect freedom ; 
and they hai^ upon two small plates filed to an edge on the 
under side, and pass through the upper part of the rods. 
Their centres are at h and Z, and the edges being let into a 
little notch, on each side the mortise, the rods are at liberty to 
vibrate freely upon their respective points (or rather edges) of 
suspension, and are determined to one plane of vibration. 
MN is a flat arch of white wood, which may be covered with 
paper, that the marks thereupon may be more conspicuous. 

The cross-piece II is made to project so far before the pillar, 
that the bodies, in their vibrations, may pass clear of it, without 
danger of striking it ; and also the arch M N is brought so far 
forward as to leave no more than a clearance sufficient for the 
rods to vibrate freely without touching it. 

Fig. 2 shews one of the compound bodies, drawn of its full 
size. AB is a block of wood, and about as much in breadth 
as it is represented in height, through a hole in which the 
wood rod CC passes, and is fixed therein. 
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D B represents a plate of lead about three-eighths of an inch 
thick^ one on each side, screwed on by way of giving it a com- 
petent weight. dBefg represents the edge of a springing place 
of brass, rendered elastic by hard hammering ; it is about five- 
eighths of an inch in breadth, and about one-twentieth of an 
in6h thick. It is fixed down upon a wooden block at its end 
dBhy means of a bridge plate, whose end is shewn Ai, and is 
screwed down on each side of the spring-plate by screws, which, 
being relaxed, the spring can be taken out at pleasure, and ad- 
justed to its proper situation. A Z is a light thin slip of a plate, 
whose under edge is cut into teeth, like a fine saw or ratchet, 
and is attached to the spring by a pin at A, which passes through 
it, and also through a small stud riveted into the back part of 
the spring, and upon which pin, as a centre, it is freely movable. 
mn shews a small plate or stud, seen edgeways, raised upon the 
bridge-plate, through a hole in which stud the ratchet passes ; 
and the lower part of the hole is cut to a tooth, shaped properly, 
to catch the teeth of the ratchet, and retain it, together with the 
spring, at any degree to which it may be suddenly bent ; and, 
for this intent, it is kept bearing gently downward, by means 
of a wire spring op y, which is in reality double, the bearing 
part at o being semi-circular ; from which, branching off on 
each side, the rod CC passes to p, and fixes at each end into the 
wood at q. However, to clear the ratchet, which is necessarily 
in the middle as well as the rod, the latter is perforated; and 
also the block is cut away, so far as to set the main-spring at e 
free of all obstacles that would prevent its play from the point B. 
The part fg is shewn thicker than the rest, by being covered 
with thin kid leather tight sewed on, to prevent a certain jar- 
ring that otherwise takes place on the meeting of the springs in 
collision. 
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Let us now return to Fig. 1, the marks upon the arch M N 
are put on as follow : — op is an arch of a circle from the centre 
Z, and q r an arch of a circle from the centre ky intersecting 
each other at S. Now the middle line of the marks t, v, are 
at the same distance from the middle line at S that the centres 
kl are: so that when each body hangs in its own free position, 
without bearing against the other, the rod ef will cover the 
mark at ty and the rod g h will cover the mark at w. From tte 
point 8, upon the arches Sp and S q respectively, set off points 
at an equal and competent distance from S each way, which 
will give the middle of the mark w and x : and upon the arch 
S p find a middle point between the mark v and tr, which let 
hey ; and on the other side, in like manner, upon the arch Sq 
find a middle point for the mark z ; then set off the distance S v 
or St from y each way, and from z each way ; and from these 
points, drawing lines to the respective centres I and A, they 
will give the place and position of the marks a, &, and c, d ; 
and thus is the machine prepared for use. 

FOR TRIALS ON ELASTIC BODIES. 

For this use take out the pins and ratchets from each re- 
spectively, and the springs being then at liberty, with a short 
bit of stick (suppose the same size as the rods) turn aside the rod 
g h with the right hand,' carrying the body D upwards till the 
stick is upon the mark Wy as suppose at © ; there hold it, and 
with the left set the body C perfectly at rest : in which case the 
rod c/will be over the mark t; then suddenly withdraw the 
stick, in the direction that the rod gh is to follow it, and the 
spring of the body D, impinging upon that of the body C, they 
will be both bent, and also restored ; and the body C will fly off, 
and mount till its rod ef covers the mark x ; the rod of the 
striking body D remaining at rest upon its proper mark of rest r, 
till the body C returns, when the body D will fly off in the 
same manner: the two bodies thus rebounding a number of 
times losing a part of their vibration each time ; but so nearly 
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is the theory of elastic bodies fiilfiUed hereby, that the single 
advantage of originally pushing the rod g h beyond the mark Wy 
by the thickness of the stick, or its own thickness, is sufficient 
to carry the rod of the quiescent body C completely to its 
mark x. 

There are several other experiments which may be made with 
this apparatus, in confirmation of the doctrine of the collision of 
elastic bodies ; which being universally agreed upon, and well 
known, it is needless fiirther to dwell upon here ; but respect- 
ing the application to non-elastic soft bodies, it i& far more 
difficult to come at a fitness of materials for this kind of ex- 
periment, than it is for those supposing perfect elasticity. 
The conclusions, however, may be attained with equal cer- 
tainty. 

FOR TRIALS ON NON-ELASTIC SOFT BODIES. 

For this purpose the ratchets must be applied and put in 
order as before described ; and the springs being both put to 
their point of rest, let the body D be put to its mark w in the 
same manner as before described, and the body C to rest. The 
body D being let go, and striking the body C at rest, in conse- 
quence of the stroke, the springs being hooked up by the 
ratchets, they both move from their resting marks f , t?, respec- 
tively towards M. Now, if they both moved together, and the 
rod e/ covered the mark c, and the rod g h covered the mark d 
at their utmost limit, then they would truly obey the laws of 
non-elastic soft bodies ; because their medium ascent would be to 
the marW2r, which is just half the angle of ascent to the mark x; 
but, as in this piece of machinery, though the main or principal 
springs are hooked up, yet every part of them, and all the ma- 
terials of which they are composed, and to which they are 
attached, have a degree, or more properly speaking, a certain 
compass of elasticity ^ which, as such, is perfect, and no motion is 
lost thereby. 
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We must not, therefore, expect the two ' compound bodies 
after the stroke to stick together without separating, as would 
be the case with bodies truly non-elastic and soft : but that from 
the elasticity they are possessed of, they will, by rebounding, be 
separated ; but that elasticity being perfect, can occasion no loss 
of motion to the sum of the two bodies ; so that if the body C 
ascends as much above its mark c, as the body D falls short of its 
mark d, then it will follow, that their medium ascent will still 
be to the mark z, as it ought to have been, had they been truly 
non-elastic soft bodies : and this, in reality, is truly the case in 
the experiment, as nearly as it can be discerned. 

After a few vibrations, by the rubbing of the springs against 
one another, they are soon brought to rest ; and here they 
would always rest had they been truly and properly perfect 
non-elastic soft bodies ; but here, as in the case of these bodies, 
by a change of the figure and situation of the component parts^ 
there is expended one half of the mechanic power of the first 
mover, yet, in this case, the other half is not lost, but suspended 
ready to be re-exerted whenever it is set at liberty ; and that it 
is really and bonajide one half, and neither more or less, appears 
from this uncontroverted simple principle, that the power of 
restitution of a perfect spring is exactly equal to the power 
that bends it. And this may, in a certain degree, be shewn to 
be fact by experiment, if there were any need of such a proof ; 
for if, when the bodies are at rest after the last experiment, the 
two rods are lashed together near the bottom with a bit of 
thread, and then the ratchets unpinned and removed ; on cutting 
the thread with a pair of scissors they will each of them re- 
bound, C towards M, and D towards N ; and if they rebounded 
respectively to z and y, the mechanical power exerted would be 
the same as it was after the stroke, when the mean of their two 
ascents was up to the mark z ; but here it is not to be expected, 
because not only the motion lost by the friction of the ratchets 
is to be. deducted, because it had the eiSect of real non-elasticity ; 
but also the elasticity that separated them in the stroke, which 
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was lost in the vibrations that succeeded : neither of which 
hindered the mean ascent to be to z ; but yet, under all these 
disadvantages in the machine (if not unreasonably ill made), the 
rod 6 /will ascend to dy and^ h io a: and hence I infer, as a 
positive truth, that in the collision of non-elastic soft bodies, one 
half of the mechanic power residing in the striking body is lost in 
the stroke.* 

Respecting bodies unelastic and perfectly hard, we must 
infer, that since we are unavoidably led to a conclusion con- 
cerning them, which contradicts what is esteemed a truth 
capable of the strictest demonstration ; viz. that the velocity 
of the centre of gravity of no system of bodies can be changed 
by any collision betwixt one another, something must be as- 
sumed that involves a contradiction. This perfectly holds, 
according to all the established rules, both of perfectly elastic 
and perfectly non - elastic soft bodies ; rules which must fail in 
the perfectly non-elastic hard bodies, if their velocity after the 
stroke is to the velocity of the striking body as 1 is to, the 
square root of 2 ; for then the centre of gravity of the two bo- 
dies will by the stroke acquire a velocity greater than the centre 



* The inference is not qaite accurately drawn in this case; for the bodies 
separate, and move independently of one another, and the velocity of the strik- 
ing body will be so divided among 'the effects produced, that the sum of the 
squares of these velocities will be equal to the square of the velocity of the 
striking body. Nevertheless the momenta^ before and after the stroke, must also 
be equal when estimated in the same direction : and these experiments, instead 
of overturning the mathematical theory of collision, are most satisfactory evidences 
of its truth. 

We have two modes of determining the conditions of moving bodies after 
collision. The one is, that the sum of the momenta^ before and after collision, 
must be the same when estimated in the same direction. The other is, that the 
sum of the energies of the bodies after collision, added to the sum of the energies 
destroyed, must be equal to the sum of the energies of the bodies before collision. 
The energy of a body denoting the mass multiplied by the square of its velocity. 
^See Young's Natural Philosophy, Vol. II. p. 52 Ed. 
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of gravity the two bodies had before the stroke in that propor- 
tion, which is proved thus. 

At the outset of the striking body, the centre of gravity of 
the two bodies in our case will be exactly in the middle between 
the two ; and, when they meet, it will have moved from their 
half distance to their- point of contact ; so the velocity of the 
centre of gravity, before the bodies meet, will be exactly one 
half of the velocity of the striking body : and, therefore, if the 
velocity of the striking body is 2, the velocity of the centre of 
gravity of both will be one. After the stroke, as both bodies 
are supposed to move in contact, the velocity of the centre of 
gravity will be the same as that of the bodies : and as their 
velocity is proved to be the square root of 2, the velocity of 
their centre of gravity will be increased from 1* to the square 
root of 2 ; that is, from 1' to 1*414, &c.* 

The fair inference from these contradictory conclusions, 
therefore, is, that an unelastic hard body (perfectly so) is a 
repugnant, idea, and contains in itself a contradiction ; for to 
make it agree with the fair conclusions that may be drawn on 
each side, from clear premises, we shall be obliged to define its 
properties thus : That, in the stroke of unelastic hard bodies, 
they cannot possibly lose any mechanic power in the stroke, 
because no other impression is made than the communication of 
motion ; and yet they must lose a quantity of mechanic power in 
the stroke ; because, if they do not, their common centre of 
gravity, as above shewn, will acquire an increase of velocity by 
their stroke upon each other. 

In a like manner, the idea of a perpetual motion, perhaps, at 
first sight may not appear to involve a contradiction in terms ; 
but we shall be obliged to confess that it does, when, on 

* This contradictory result arises out of taking an erroneous opinion respecting 
the collision of hard bodies, for only one of the bodies would moice, as explained in 
note, p. 112 — Ed. 
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examining its requisites for execution, we find we shall want 
bodies having the following properties ; that when they are 
made to ascend against gravitation their absolute weight shall 
be less ; and when they descend by gravitation (through an equal 
space), their absolute weight shall be greater ; which, according 
to all we know of nature, is a repugnant or contradictory idea. 
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ADVERTISEMENT. 



This interesting work (lately published at Paris, with 
the approbation of the French National Institute, after 
the examination and report of Bossut, Coulomb, and 
Prony,) was sent to me, some time ago, by the author. 
I perused it with much pleasure and instruction, and 
with the intention of publishing an abstract of its 
contents in my Journal of Natural Philosophy, Che- 
mistry, and the Arts; but found it impossible to do 
justice to the. novelty and importance of the subject, 
in the way of abridgement : for which reason I gave an 
entire translation of the whole. The Public will, no 
doubt, be glad to have it in a separate form. The 
translation is very close, and almost verbal ; no liberties 
having in any instance been taken, except such as the 
different structure of the two languages, and the clear 
expression of the sense, demanded. The proof sheets 
in the Journal were examined and corrected by the 
work itself, and all the parts where reference is made 
to the engravings were, at the same time, literally 
compared with the plates. The same process was also 
repeated with this separate pubhcation, which may. 
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therefore, be concluded to possess all that fidelity and 
accuracy which are necessary to ensure the confidence 
of the reader, and to render a translated work of equal 
utility with the original. 

WILLIAM NICHOLSON. 

LONDON, 

April 5, 1799. 



VENTURI'S 
EXPERIMENTAL INaUIRIES 



CONCEBMING THE 



MOTION OF FLUIDS. 



INTRODUCTION. 

The apparatus made use of in most of the following experi' 
ments is the same as that of Poleni.* It is represented at Fig. 1, 
Plate I. The reservoir X^ of a conical form, is forty inches 
in diameter at C J5J, and thirty bX O P. -P P is a broad plate 
of copper, ,the plane of which is perpendicular to the horizon ; it 
is applied to the inside of the reservoir. The valve or flap F S, 
movable by the handle K, is drawn up against the side of the 
vessel above F, in order that it may not impede the course of 
the particles of the fluid, contained in the reservoir, to the aper- 
ture P. I have applied difierent ajutages to this aperture, 
according to the exigence of the case. The tubes which I 
applied were made of tinned iron of the best quality ; the longi- 
tudinal junction of the edges was made by immediate contact, 
and not by overlapping, and the whole of the workmanship was 
executed with great care. When the aperture was simply a 
hole through a thin plate, the thickness of its edge did not 
exceed one fourth of a line. 

* De CattellU. This treatise is reprinted in the Third Volume of Hydraulic 
Treatises, published at Parma. V. 
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The upper vessel Z serves to maintain the water of the 
reservoir X at the constant height of the line C J5, while it 
flows out through P. The plug A B is drawn more or less 
back, in order to regulate the introduction of the supply. The 
box or shelf D L prevents this water from exciting by its fall 
any agitation which might influence the emission at P. The 
opening at Q discharges the superfluous water which might 
rise above the line C E, The height of the surface C E above 
the centre of the orifice at P was 32-6 inches, in all cases where 
it is not otherwise expressed. 

Most of the experiments here described were made in public 
at the ' Philosophical Theatre of Modena ; various men of 
science were present at the rest ; and the different departments 
of experiment were performed by several persons at the same 
time. One of these operators repeated the seconds audibly 
from the^ clock ; another drew back the valve S F; b, third 
regulated, by the means of the plug By the introduction of the 
supply of water, so that a very thin sheet of water constantly 
flowed at Q. At the instant agreed upon, the passages of the 
water were again closed. Every experiment was repeated suc- 
cessively for a number of times^ until the agreement of the 
results had removed every suspicion of error. I am assured 
that, even in the most complicated cases, the quantity of error 
could not exceed one fortieth part of the result. 

The measures indicated in the course of these experiments 
were taken from a toise adjusted by that of the Academy, which 
Citizen Lalande sent me in 1783. These measures, as well as 
all the others of the eighteenth century, will undergo the fate 
which is prepared for them by the establishment of the new 
metre. They may be reduced to this new standard, by observ- 
ing that the foot is to the metre as 100 to 308.* 

* To avoid fractions, and for other obvious reasons, I have left all the numbers 
as they stand in the original. But, for the convenience of those who cannot 
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The wisest philosophers have their doubts with regard to 
every abstract theory concerning the motion of fluids : and even 
the greatest geometers avow that those methods which have 
afforded them such surprising advances in the mechanics of 
solid bodies, do not afford any conclusions with regard to hy- 
draulics, but such as are too general and uncertain for the 
greater number of particular cases. Impressed with a convic- 
tion of this truth, I have attended to theory, only when it com- 
bined with the facts, and was necessary to unite them under a 
single point of view. Even this small portion of theory may, 
if the reader pleases, be rejected : and he may consider the fol- 
lowing propositions simply as the results of experiment. 

When I quote the estimable work of Citizen Bossut, on 
hydrodynamics, I refer to the edition of 1786.* 



readily refer to the proportional magnitudes, I take the opportunity of remarking 
that the Paris foot royal is to the English foot as 1065*78 is to 1000 ; that it is 
divided into 12 inches, and the inch into 12 lines. — Trans. 

* I consider this treatise as superior to all which before were extant. It 
is founded on a combination of the principles of experiment and of theory. I have 
profited by these principles, and several particular remarks which the same Citizen 
Bossut and Citizen Prony have been so good as to communicate after perusal of my 
memoir.— y. 



EXPERIMENTAL INQUIRIES 

CONCERNING 

THE PRINCIPLE OF THE LATERAL COMMUNICATION OF 
MOTION IN FLUIDS, 

APPLIED TO 

THE EXPLANATION OF VARIOUS HYDRAULIC 
PHENOMENA. 



PROPOSITION I. 



The motion of a Fluid is communicated to tfie lateral Parts 
which are at rest, 

Newton has affirmed, that when motion is propagated in a 
fluid, and has arrived beyond the aperture B C, Fig. 2, the 
motion diverges from that opening, as from a centre, and is 
propagated in right lines towards the lateral parts iV, Jf, as 
well as towards S. The simple and immediate application of 
this theorem cannot be made to a jet which issues from the 
aperture B Cat the surface of still water. Circumstances enter 
into this case which transform the result of the principle into 
partic44lar motions. It is nevertheless true, that the jet B C 
communicates its motion to the lateral parts N^K ; but it does 
not repel them towards P and Q, but, on the contrary, trans- 
ports them along with its own stream towards S.* 



* Veiituri here alludes to the Cor. of the 4l8t proposition of Newton's Princi- 
ples of Nat. Phil., but he has not attended strictly to the object of that proposition \ 
for Newton treats only of the propagation of pressure in fluids, and not of 



132 VENTURI'S EXPERIMENTS 

ExPER. 1. — The horizontal cylindric pipe A C, Fig. 3, is 
introduced into the vessel D EFB^ which is filled with water 
as high as D B. Opposite, and at a small interval from the 
aperture C, commences a small rectangular channel of tinned 
iron, SMBRy which is open at the top SR; the inclined 
bottom MB rests on the edge of the vessel B. It is 24 lines 
broad ; the diameter of the tube A C i% 14'6 lines ; the ex- 
tremity A is applied tp the aperture P of Fig. 1 . The water of 
the reservoir being sufiered to flow through the tube A C, the 
jet rises along the small channel MB, and flies out of the vessel 
in the stream B V. By this means a current is produced in the 
fluid of the vessel jD J? i^-B; this fluid enters into the channel 
SR^ and issues hy MB V along with the jet A C, so that in a 
few seconds the water D B falls to M H, 

ExPER. 2. — Bring some very light or movable bodies near 
the jet of water P Y, Fig, 1, which issues from the aperture JP, 
and falls from a certain height into the inferior vessel R T. It 
is seen that these bodies are carried along by the air which 
descends with the jet P F. Part of this air is carried along and 
plunged into the water of the inferior vessel. 

These experiments clearly prove that the fluid which issues 
by JBC, Fig. 2, impresses its motion on the lateral parts Ny K ; 
not by impelling them towards P, Q, but by carrying them 
along with itself towards S. I call this the lateral communica- 
tion of motion in fluids, Newton was acquainted with this com- 
munication, and has deduced from it the propagation of rotatory 
motion from the interior to the exterior strata of a whirl- 
pool. Is this lateral communication of motion occasioned by 
the viscidit;/^ or mutual adhesion of the parts of the fluid, or 
their mutual engagement or intermixture, or the divergency 



the actual motions of their parts. The propagation and diffusion of pressure through 
a mass of fluid are determined hy conditions, which diffier from those which 
determine the motions of a fluid or its parts. — Ed. 
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of those parts which are in motion ? We may perhaps say a > 
few words on this subject when we shall have seen the effects ; 
but in the mean time, whatever may be the cause^ let us take the 
effect as experience points it out ; let us consider it as a principle, 
and endeavour to apply it to some particular cases, in order to 
ascertain the result. 

The first circumstance to which I propose to apply this prin- 
ciple, is the increase of expenditure or fluid issuing out of an 
orifice fitted with additional tubes. 



PROPOSITION 11. 

If that part of an additional cylindric Tube which is nearest the 
side of the Reservoir be contracted, according to the form of 
the contracted Vein of Fluid, which issues through a Hole of 
the same Diameter in a thin Plate, the Expenditure will be 
the same as if the Tube were not contracted at all. 

It is well known, that when the water of a reservoir is suf- 
fered to flow through a circular orifice in a thin plate, the fluid 
vein which forms the jet becomes contracted at a short distance 
from the orifice ; and the diameter of the contracted vein is 
nearly 0*8 of the diameter of the orifice. Poleni first observed 
that, by applying an additional cylindric pipe to the orifice, of 
the same diameter as the orifice itself, and from two to four 
times that length, the expenditure is increased from 100 to 
133. To account for this augmentation, he supp<9ses that the 
fluid vein is less contracted in pipes than after passing through 
the thin plate. The supposition was not unreasonable ; but it 
could not apply to the case announced in this proposition. 
I shall proceed to give the particulars in the following experi- 
ment. 



134 VENTURl's EXPERIMENTS 

ExPER. 3. — To the aperture P, of Fig. 1, I applied a 
circular orifice^ 18 lines in diameter, pierced through a thin 
plate. Four cubical feet of water flowed into the vessel Y in 
41 seconds. 

I then applied to the orifice a cylindric tube of the same 
diameter, and fifty-four lines long. The 4 cubic feet flowed 
out in thirty-one seconds. 

Instead of this simple cylindric tube, I applied the compound 
tube of Fig. 6 ; the parts of which have the following dimen- 
sions in lines ; ^ C « G 7= MN= 18 ;I>F= 145 ; AB = 
11; B G = 10; GM^ 37; AM = 68. With this compound 
tube, the expenditure of four cubic feet of water was made in 
31 seconds, as with the simple cylindric tube. 

The form of the conical portion A CD Fwss. nearly the 
same as that of the contraction of the vein which issues through 
a thin plate. The vein must, therefore, have passed through a 
contraction nearly equal to that of the contracted vein from a 
thin plate ; the expenditure, nevertheless, was more abundant, 
in the same proportion as through the simple cylindric tube. 
It follows, therefore, that the velocity of the section DF^ and 
of the whole conoid A CD F, must have been greater than 
that of the contracted vein from a thin plate : and it remains to 
be shewn what was the cause of this augmentation of velocity, 
which takes place within the tube, and does not manifest itself 
externally. 

That the conical tube AC D F does not itself cause any 
augmentation of expenditure, is evinced by the following : — 

ExPER. 4. — The conical tube ACDFy from which the 
remaining part D G MNIF was separated, was applied to 
the orifice P. The four cubic feet were emitted in 42 
seconds, which is the time of the expense through the orifice 
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itself AC in the thin plate, with the difference of one second 
only. This'slight variation arises from its being almost impos- 
sible to make the tube A D CF perfectly of the form of the 
natural contracted vein. 



PROPOSITION III. 

The Pressure of the Atmosphere increases the Expense of Water 
through a simple cylindric Tube^ when compared with that 
which issues through a Hole in a thin Plate, whatever may 
be the direction of the Tube. 

It has long been known, that a heavy fluid which moves 
in a descending cylindric pipe tends to accelerate its motion. 
The inferior parts tend to separate themselves from the superior, 
and by that means cause the pressure of the atmosphere to 
increase the velocity of the superior parts. This successive 
acceleration of gravity cannot take place in a horizontal or 
ascending pipe. We shall, nevertheless, find that the pressure 
of the atmosphere acts even in these last situations to increase 
the velocity of the fluid within the pipe. Certain questions of 
legal right, which arose in my country, respecting the quantity 
of water supplied by a pipe for watering lands {canal d'arrose- 
ment), directed my attention to this object ; and, in the year 
1791, 1 made the following experiments, publicly, in the Theatre 
of Natural Philosophy at Modena. 

ExPER. 5. — ^To the aperture P, Fig. 1, I applied a cylin- 
drical pipe, fifty-four lines in length and eighteen in diameter. 
At the distance of nine lines from the interior orifice P, twelve 
small holes were made in its circumference. When these small 
holes were open, the four cubic feet issued out in forty-one 
seconds, in the same manner as through a thin plate. Not a 
single drop passed through any of the holes, and the stream 
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did not fill the tube. Th^ hotes were then closed, one after the 
other, with wet skin. As loog as there was oue hole open the 
expense continued the saipe ; hut when, at last, all the twelve 
holes were well closed, the fluid stream issued out in a body 
which filled the pipe, and the four cubic feet were emitted in 
thirty-one seconds. 

ExPER. 6. — To the cylindrical tube KLV, Fig. 6, eighteen 
lines in diameter and fifty-seven lines long, was joined the glass 
tube Q JB ST, at the distance of eight lines from the interior 
orifice K. The glass tube was plunged in coloured water, con- 
tained in the vessel T. When this apparatus was applied to 
the aperture P, Fig. 1, the four cubic feet of water flowed out 
in thirty-one seconds. The coloured liquid T rose in the tube 
TR as high as S, at the height of twenty-four inches above the 
surface T. 

The branch RT oi the glass tube was shortened, so that 
jB Twas only six inches longer than R Q. The efflux being 
then permitted to take place, the coloured liquor of the vessel 
T rose through the tube JB T, and mixed with the water 
which flowed from the reservoir through K F, both of which 
flowed out at F, and in a short time the vessel T was 
emptied. ' 

I repeated this experiment with the compound tube, Fig. 6, 
and the results were the same. 

ExPER. 7, — The cylindrical pipe KL F, Fig. 6, was applied 
in an ascending and nearly vertical situation to the orifice 12, 
Fig. 8, of the vessel Hly of which the end H communicated 
by an opening of considerable extent with the water of the 
reservoir Xy Fig. 1. The charge on the upper extremity Fof 
the tube was 27-6 inches. I inclined the tube a little from the 
vertical direction, in order that the jet might not fall back-upon 
itself. The glass tube Q R 2\ Fig. 6, in this new situation was 
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SO disposed that its lower extremity was immersed as before in 
the coloured liqaid of the vessel 1\ When the efflux was 
permitted, the expenditure of four cubic feet was made in 
thirty-four seconds ; and the coloured liquid rose in the tube R T 
to the height of near twenty inches. With the same charge 
of 27*5 ipches the orifice of eighteen lines in a thin plate would 
have afforded the four cubic feet in forty-five seconds. 

ExPER. 8. — A cylindrical vessel of 4*5 inches diameter had 
in its vertical sides near the base a circular opening of 4-5 
lines in diameter, opened in a thin plate of tinned iron. The 
surface of the water contained in this vessel was 8*3 inches 
above the centre of the aperture. The water was then suffered 
to flow out of this aperture in the thin plate, and its surface 
was depressed seven inches in the vessel in 27*5 seconds of 
time. 

To the same aperture was applied a cylindric tube of the 
same diameter, and in length eleven lines. The vessel was 
filled to the same height as before, and the water being suffered 
to flow out, its surface was depressed seven inches in twenty- 
one seconds. 

The same experiment was afterwards repeated in the receiver 
of the air-pump, under which the mercurial gauge stood at no 
more than ten lines in'height. The surface of the water in the 
vessel was depressed seven inches in 27*5 seconds, whether the 
aperture was made in a thin plate, or whether it was provided 
with an additional cylindric tube. 

The height of the coloured water in the tube of glass (in Ex- 
periment 6 and 7), measures the active quantity of the pressure 
of the atmosphere which is exerted on the surface of the water 
in the reservoir X to ihcrease the expenditure. For example, 
in the sixth experiment we have 32-6+24 inches charge on 
the orifice P ; and we have nearly y/ 32-5 : y/ 56-5 : : 31" : 41" 
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as is required by the common theory of the motion of fluids 
which issue out of vessels by a small aperture. The same 
obtains in Experiment 7. 

Daniel Bernoulli made the seventh experiment in descend- 
ing tubes, and in diverging conical tubes, and explained the 
result merely by his theory of conservation of living forces. 
Euler and d'Alembert observed to him, that the pressure of the 
atmosphere was concerned in the effect.'"' Though the case of 
the descending tube be different from that of the horizontal or 
ascending tube, the knowledge of the first of these two cases 
may nevertheless facilitate the knowledge of the second. Be- 
sides which, the causes which act in both cases are often com- 
bined together, and it is necessary to be well acquainted with 
both, in order to distinguish the results. On this account it is, 
that in the following proposition I have turned from my prin- 
cipal subject for a moment, to consider the first case, after 
which I shall return to the second. 



PROPOSITION IV. 

In descending cylindrical Tubes j the upper Ends of which pos- 
sess the Form of the contracted Vein^ the Expense is such as 
corresponds with the Height of the Fluid above the inferior 
Extremity of the Tube. 

The ancients remarked, that a descending tube applied to a 
reservoir increases the expenditure.f Mariotte estimated that 
the water issues through CQy Fig. 7, with a velocity nearly the 
mean proportional between the velocities arising from the two 



* D*Alembert, Traits des Fluides, Art. 149. 

t Calix devexiu amplius rapit. Frontin. de Aqueduct. Art 36. See also the 
Pneumatics of Hero, in the Afathem. Vet. ed. 1693, page 157. 
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heights -4^, -4 C* Gaillielmini sought for the cause of this 
augmentation in the weight of the atmosphere, and determined 
the velocity at C to be the same as would arise from the wholQ 
height A C.f In his reasoning, he supposes that the pressure 
at C is the same for the state of motion as for that of rest ; 
which is not true. In the experiments he made upon this ob- 
ject, he paid no regard, either to the diminution of expenditure 
produced by the irregularity of the inner surface of the tubes, 
nor the augmentation occasioned by the form of the tubes them- 
selves. By a singular accidental concurrence, one of these errors 
compensated for the other. I know of no other decisive expe> 
riment on this head since Guillielmini. I shall, therefore, 
proceed to establish the proposition upon the principle of virtual 
ascension combined with the pressure of the atmosphere, and 
that in a manner which shall be clear of every objection, of 
theory as well as of experiment. 

Let BLKOj Fig. 7, represent a conical tube adapted to the 
form of the contracted vein;| the cylindrical tube LCQKis 
of the same diameter as the contracted part. The fluid stratum 
L Ky continuing to descend through L C, tends to accelerate its 
motion, according to the laws of gravitation ; and, consequently, 
when it passes from L K to M N, it tends to detach itself from 
the stratum which follows, or, in other words, it tends to pro- 
duce a vacuum between LK and MN ; and the same effect 
takes place through the* whole length of the tube L C. The 
pressure of the atmosphere becomes active, as far as is necessary 
to prevent the vacuum ; and its action is alike, both at the sur-* 
face of the fluid at Ay and at the inferior extremity of the tube 
at C. At A it increases the expenditure, and at C it destroys 



* Moavement des Eauz, part iii. disc. 2. 
t Epist. Hydrostatic. Oper. torn. i. p. 212. 

X When I speak of tbe form of the contracted vein, I always mean to ezpresi 
the conoid fonned by the fluid issuing from an orifice through a thin plate. V. 
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the sum of the accelerations which would be produced along 
Z C, so that the fluid remains continuous in the tube. 

Let T represent the time which the continuous column of 
fluid L C Q K employs to pass through the tube L C, what- 
ever may be the velocity at Z, and the successive acceleration 
from Lto C. And, if we suppose this same column to return 
upwards from D to £J, it will pass through the space D E ^ 
Z C in the same time T^ during which it will lose all the acce- 
leration it acquired from Z to C The pressure of the column 
E Dy continued for the time T, is, therefore, the quantity 
required to destroy the successive acceleration from Z to C, and 
to prevent the fluid from ceasing to be continuous in the tube 
LC; consequently, that part of the pressure of the atmosphere, 
which is exerted at C Q to destroy the sum of the accelerations 
through Z C, is equal to the pressure of a column -ED of a 
fluid, homogeneous to that of the reservoir A B. And since 
the same pressure must also be exerted on the surface A of the 
reservoir, if we take i^-4 = Z C, the fluid at Z jK'will possess 
the velocity which is proper to the height F L = A C; with- 
out considering the retardation which the internal inequalities 
of the tube L C Q K must produce. 

ExpER. 9. — 1. The orifice P (Fig. 1) through a thin plate 
is circular, and eighteen lines in diameter. The charge of fluid 
above the centre of the orifice is forty inches. Four cubic feet 
of water were emitted in thirty-eight seconds. 

2. To the orifice P, Fig. 1, I applied the tube ACDy Fig. 4, 
the upper end of which ^ C had the form of the contracted vein. 
The diameter at A was eighteen lines, its length, A .D, thirty- 
one inches, and the situation of the tube horizontal. The ex- 
penditure of four cubical feet was made in forty-eight seconds. 

3. The same orifice and the same tube were applied to the 
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horizontal bottom of the reservoir Fig. 7, so that the tube was 
vertical, and J. C = forty inches, or the height of the charge 
in the two former experiments. The four cubic feet flowed out 
in forty-eight seconds, as in the second experilnent. 

Ex PER. 10. — The last described experiment was repeated 
with a circular aperture of 11*2 lines in diameter. The extre- 
mity ^ C of the tube Fig. 4, had the form of the contracted 
vein; the end A having the same diameter as that of the 
orifice. The other circumstances were as in the preceding 
cases. In the disposition, according to the first case, four 
cubical feet of water flowed out in ninety-eight seconds ; in the 
second case, the time was 130 seconds ; and in the third case, 
129 seconds. 

In each of these two experiments, the tubes and the expense 
of water were the same for the second and the third cases ; 
whence it follows, that the force by which the expenditure was 
governed was the same in both cases. Now, the force which 
acts in the second case is the same as in the first; and, conse- 
quently, the same force likewise acts in the first and third cases. 
All the diflference of the result, between the first case and the 
two following, arises from the retardation produced by the 
inequalities of the internal surface of the tubes. 

ExPER. 11. — The height A B, Fig. 7, being constantly 
32*6 inches, and orifice B O eighteen lines in diameter, the 
tube B O C Q was applied to the orifice itself, the superior 
extremity of this tube having the form of the contracted vein. 
When the length of the tube was varied, the times of the efliux 
of four cubic feet of water were as in the following table. 
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^ 


O 


» 


ime of efflux of four 
cubic feet by experi- 
ment. 


ime, according to the 
theory, without con- 
sidering the retarda. 
tion. 


ifference between the 
theory and ezperi. 
ment. 


etardations computed 
from the following 
experiment. 




// 


a 


// 
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3 


41 


40 


1 


1-3 


12 


38 


35-2 


2-8 


3-4 


24 


35 


31-2 


3-8 


5 



The fifth column of this table is calculated from the propor- 
tion of retardation produced by the irregularities of the internal 
surface of the tubes in the following experiment. Citizen 
Bossut has observed, that these retardations''^ increase rather in 
a less ratio than the velocity of the stream. This is^ perhaps, 
the reason of the difierence observed between the fourth and 
fifth columns. 

ExPER. 12. — I applied to the orifice P, Fig. 1, the same 
tubes as in the foregoing experiment, one after another, in a 
horizontal position, the height of the charge being constantly 
32*5 inches above the centre of the orifice. The times of emis- 
sion were as in the following table. 



Length of the 


Time of efflux 




tube 5 C in 


of four cubic 


Differences. 


inches. 


feet. 






// 


// 





41 





3" 


42-5 


1-5 


12 


45 


4 


24 


48 


7 



* Hydrodyn. Art. 682. 



ON THE MOTION OF FLUIDS. 143 

I must here observe, that the viscidity or mutual adhesion of 
the particles of the water* is of very little consequence to the 
increase of expenditure through the orifice B O, Fig. 7, by the 
additional tube B C. For, as soon as a small hole is opened at 
K, the increase of expenditure diminishes or entirely ceases, 
and the fluid is no longer continuous in the tube. 

We will now return to tubes in the horizontal and ascending 
positions. 



PROPOSITION V. 

In an additional conical Tubcy the Pressure of the Atmosphere 
increases the Expenditure, in the Proportion of the exterior 
Section of the Tube to the Section of the contracted Vein^ 
whatever may be the Position of the Tube^ provided its 
internal Figure be adapted throughout to the lateral Commu- 
nication of Motion, 

We have seen (Proposition III.) that the pressure of the 
atmodphere increases the expenditure through additional tubes, 
whatever may be their position. We shall, in the next place, 
examine the mode of action by which the atmosphere produces 
this augmentation, and determine the result from its cause. I 
shall begin with the case best adapted to favour the action of 
the atmosphere, which is that of conical diverging tubes of a 
certain form, which we have not yet considered. 

Let the extremity A B, Fig. 10, of the tube A B E F he 
applied to an orifice formed in a thin plate. The part A B CD 
is nearly of the figure of the contracted vein, which form has 

* Gravesande and others have attributed the increase of expenditure, through 
descending tubes, to the natural cohesion of the particles of water. V. 
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Ibeen shewn to make nd perceptible ialteratioh in the expendi- 
ture (Experiment 4), The fluid which issues through CD is 
disposed to continue its course in the cylindrical form CDHG. 
But, if the lateral parts of the diverging conical tube C E G, 
P F H^ contain a mai^ of the fluid at rest^ the cylindrical 
stream C D H G will communicate its motion to the lateral 
parts (by Prop. I.) successively from part to part. And pro- 
vided the divergence of the sides C jE7, Z) jF, be such as is best 
adapted to the speedy and complete lateral communication of 
motion^ all the fluid contained in the truncated cone C D E F 
will at length acquire the same velocity as that of the stream 
which continues to issue through CD. On this supposition, 
while the fluid stratum C JD Q JR^ preserving its velocity and 
thickness, would pass into JB Q 3'S, a vacuum would be formed 
in the solid zone RmrSQonT. Or otherwise, if it be sup* 
posed that the stratum C D Q R, preserving its progressive 
velocity, should enlarge in R Q T Sy this cannot happen with- 
out its becoming thinner, and detaching itself from the stratum 
which follows, and by that means leaving a vacuum equal in 
magnitude to the zone last mentioned. A similar effect would 
take plaCe through the whole of the tube C E; and, if the 
quantity C m be supposed to be invariable, the sum of iall these 
void spaces will be equal to the bolid zone V E x G z Y F H. 

From this consideration we see that the lateral communiea- 
tion of motion causes the same effect in a conical tube, whether 
horizontal or vertical, as gravity produces in the descending 
tube of Proposition IV, The atmosphere in this case, also, 
renders part of its pressure active on the reservoir, and at EF, 
If the action of the atmosphere upon the reservoir increases the 
velocity of the section C J9, this velocity will communicate 
itself likewise to the whole fluid C D F Ej and the tendency to 
a vacuum will take place as before ; but, since the action of the 
atmosphere is exerted equally at E F^ it will take away at 
E F ?X[ the velocity which is added at CD; so that, being 
deducted from the same mass, and in the same time at EFy the 
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fluid will not cease to be continuous in the pipe. It is found 
by computation that this will happen when the velocity of C D 
is increased in the ratio of C D^ U> E F^. 

By applying the general laws of motion to the lateral fluid 
filaments of the stream which issues through A By it is found 
that they tend to describe a curve which commences within the 
reservoir, for example, at J., and continues towards C S E. 
To determine the nature of this curve, it is requisite to know, 
and to combine together by calculation, the mutual conver- 
gency of the fluid filaments in A B^ the law of the lateral 
communication of motion between the filaments themselves and 
their divergent progression from Cto E. These combinations 
and calculations are, perhaps, beyond the utmost efforts of 
analysis. While the tube A B F E possesses a different figure 
from this natural curve, the results of experiment will always 
differ more or less from the theory. 

ExPER. 13. — The compound tube A B F E, of the same 
Fig. 10, having the following dimensions in lines AB^EF=i 
18;^C=11; CD=l$-6; C G = 49 ; and this tube being 
applied to the orifice P, Fig. 1, under a charge of 32*5 inches, 
the four cubical feet of water were emitted in 27" '6. 

We have seen that, in the third experiment, under like 
circumstances, the orifice through a thiii plate afforded four 
cubic feet of water in 41". The contracted vein was 0-64 of the 
orifice. Consequently, by following the enunciation of the 
theorem, the expense through the pipe A B F E ought to be 
made in 26"'24. The experiment falls short in the quantity 
l"-26. 

ExpER. 14. — Between the two conical tubes of the preceding 
experiment is interposed a cylindrical tube, three inches long, 
and 15*5 lines in diameter. The interposition of the cylinder 
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between the two cones was made as in Fig. 13. This addition 
retarded the expenditure 1", the time now being 28"'6. 

ExPER. 16. — The charge of the reservoir being constantly 
32-5 inches, the portion of the tube A B C D, Fig. 11, had the 
same dimensions as before ; the tube C D F E was seventy- 
eight lines in length, and its diameter E F twenty-three lines. 
To this horizontal tube I added three glass tubes; the first 
D X^i CD; the second NY 9X the distance of twenty-six 
lines from the first ; and the third O Z hi twenty-six lines dis- 
tance from the second. The lower extremities of these three 
tubes were plunged in the mercury of the vessel Q. When the 
water was suffered to fiow through the tube A E F B^ the mer- 
cury rose fifty-three lines in the tube D X, 20*5 in N F, and 
seven in O Z. These quantities correspond with sixty-two 
inches height of water in Z) X, twenty-four inches in N F, 
and 8*1 in O Z. The expenditure of four cubic feet was effected 
in 26". 

I cut off the portion P N F E o{the tube, and the remain- 
ing pipe A B N P emitted the same quantity in 31". 

In the truncated conical tube A C P B D Ny the section 
P iV is to the section of the contracted vein (namely, 0*64 of 
the section A B) 9S 41" to 30". In the experiment with this 
last truncated tube the retardation is consequently no more than 
1" less than the theory. 



In the entire tube CDF Ewe have y/ 62 + 32-5 : V 32-6 
== 41": 24". The difference of thirty-eight inches' elevation of 
water in the two tubes D Xy N Yy must arise from the motion 
of the fluid from Cto P; it is l-13th less than by the theory. 
The loss is successively greater in the two portions P Q, QE. 
The reason of this is, that the stream descends as it moves from 
C By BO that the lateral communication not being made uni* 
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formly through the whole of any one section, the diflTerent parts 
of the current acquire irregular motions, and even eddies within 
the tube ; whence the jet comes forth by leaps, and with irre- 
gular scattering. — These uncertain motions cannot be reduced 
to the theory, and manifest themselves the more, the longer or 
the more divei^ing the sides of the tube. The effects, conse- 
quently, remain to be ascertained by experiment. 

ExPER. 16. — I constructed a tube C D F Ezs before (Fig. 
11), 148 lines long, and twenty-seven lines in diameter at E F^ 
the rest of the apparatus being the same as in the foregoing 
experiment. The expenditure of four cubical feet was effected 
in 21'' : the inequality and irregularity of motion in the stream 
were greater in this experiment than in the foregoing. 

It was useless to prolong the tube C D F E beyond 148 
lines ; for the stream did not, in that case, fill the portion of 
tube added beyond that length, and the expenditure remained 
constantly at 21". This expenditure is nearly double what took 
place through the simple aperture in a thin plate; and it is 
the greatest I have been able to obtain by additional tubes, the 
axis of which had a horizontal position under a chaise of 32*5 
inches. 

It is true, that by prolonging the tube CD FF to the length 
of 204 lines in the horizontal position, the four cubic feet flowed 
out in 19". But, to obtain this effect, I found it necessary to 
fix a prominence within the tube at O, which forced the 
fluid to fly upwards^ and by that means to fill the whole 
tube. 

ExpEB. 17. — In this experiment the horizontal tube C J) 
F Fy Fig. 11, was more divergent than in the foregoing trials. 
It was 117 lines long, and jthirty-six lines in diameter at F F. 
The rest of the apparatus was the same as before. The expen- 
diture was made in 28'; the stream did not fill the whole 
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section EF. The result was the same when successive portions 
of the pipe were cut off, until C E was no longer than twenty 
lines^ and the external diameter eighteen lines. In this case 
the stream filled the pipe^ and the expenditure was also made 
in 28'. , 

When the length C E was twenty lines, its external dia- 
meter E F was increased to twenty lines. In this case the 
stream was detached from the sides of the tube, and the expense 
of four feet took place in forty- two seconds, as in the sixth 
experiment. 

These experiments teach us, that by varying the divergence 
of the sides of tubes, the lateral communication of motion has a 
minimum and a maximum of effect. The minimum is seen in 
the last experiment. It appears that the lateral communica- 
tion ceases to produce its effect, when the angle made by the 
sides of tube with each other, exceeds sixteen degrees. The 
thirteenth experiment nearly determines the maximum of the 
effect, when the same angle is about three degrees. These 
limits may also, perhaps, in a small degree depend upon some 
function of the velocity. 



PROPOSITION VI. 



In cylindrical Pipes the Expenditure is less titan through conical 
Pipes J which diverge from the place of the contracted Vein, 
and have the same exterior Diameter. 

The general theory is the same for both these forms of tubes; 
but the loss of living force is greater in the cylinder, and the 
effect of the communication of motion in these tubes cannot 
approach its maximum as in the cone. Let the tube ACM N^ 
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Fig. 6, Plate I., have the form of the contracted vein in 
A C F D ; the cylindrical part G I N M has its diameter 
M N, greater than D F. By the reasoning made use of in the 
preceding proposition, it is proved that the lateral communica- 
tion of motion tends to produce a vacuum in the solid zone 
ROYSXQTZ. If the communication of motion in this 
tube were completely made, it would follow that the pressure of 
the atmosphere would increase the velocity of the contracted 
vein in the ratio hy D F^ \x> M N^. 

But the form itself of the cylindrical pipe always destroys a 
notable part of the effect ; for the fluid filaments A J9, in turn- 
ing through the curve D R, proceed briskly to strike the sides 
of the tube G M bX 72, where they lose part of their motion. 
In the space D G i2, eddies, or circular whirls, are produced, 
as in a basin which receives water by a channel. These eddies 
produce, to a certain extent, a failure of the effect, and retard 
the efflux of the stream. A much less increase of the expendi- 
ture takes place in the cylindrical tube than would answer to 
the ratio of JD F^ to M N^ 

ExPEB. 18. — A notion may be formed of these internal 
shocks and eddies in the cylindric tube, and their effects on the 
efflux of the fluid, if attention be paid to the following table of 
the expenditure through the different additional tubes in the 
horizontal position. All these tubes have the diameter of their 
two extremities = 18 lines ; they were all provided with the 
conical tube of the form of the contracted vein at their inner 
extremity, excepting that of Fig. 6. The charge was always 
32*5 inches above the centre of the orifice. 

Table of the Times employed in discharging four cubic Feet of 
Water through the different Ajutages. 

Through the orifice in a thin plate 41" 

Through the simple tube of Fig. 6 31" 
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Through the tube of the form of Fig. 5 31" 

After having amended (adouci) the conical divergent 

part, D F I Gy of the same tube 30" 

Through the tube Fig. 9 32"-5 

Through the conical tube of the form Fig. 10 .... 27""5 
Through the tube Fig. 5, the portion GINM being 
23*5 lines in diameter, and eighty-four in length, 
the rest as before 27" 

It may, perhaps, be demanded, whether, in the internal part 
of the simple cylindrical tube KL Fof Fig. 6, there be the same 
augmentation of velocity, and the same contraction of the stream 
as in the compound tube of Fig. 5 ? By reasoning according to 
the principles we have established, I think, 1. That in the 
section KL of Fig. 6, there is the same increase of velocity as 
we have seen (Prop. II.) take place in the section A C of Fig. 5, 
The direction of the fluid particles which pass through these 
two sections must be the same in both cases, because this direc-^ 
tion can depend only on the impulse received within the reser* 
voir, which is the same in both. 2. In Fig. 6, the fluid par^ 
tides, after having passed^ through the section KL, begin im- 
mediately to experience the effect of the lateral communication 
of motion. They must, therefore, deviate laterally through the 
curve LxZy before they arrive at the place of contraction which 
they assume at D F, Fig. 5, and which they likewise assume 
when the orifice is made in a thin plate. If we imagine a 
tube , of glass y K, one extremity of which is applied at K, 
Fig. 6, and the other extremity open in the interior part of the 
reservoir, it will be seen that the pressure of the atmosphere, 
which is exerted upon the coloured fluid T, must likewise act 
on the surface of the reservoir, and join the pressure of the 
fluid in the reservoir to press the water into the tube y £, as it 
presses the coloured liquor into TS. The pressure of the atmo- 
sphere must, in the same manner, augment the impulse of all 
the fluid particles which arrive at KL, and, consequently, must 
increase the expenditure. 
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Since the cheeks and eddies in an additional cylindric tube 
must always destroy a part of the active force of the fluid, it 
follows, that the fluid column issuing out of the tube can never 
acquire the whole velocity which is due to the actual charge, 
and is observed nearly entire in the orifices through a thin 
plate ; and the diminution of velocity corresponds with the in- 
crease of the time beyond that indicated by the theory,. as may 
be seen in the following : 

ExPEB. 19. — ^The orifice P, Fig. 1, being made through a 
thin plate, and the vertical height P ilf, being fifty-four inches, 
the distance MN o{ the jet was 81*5 inches. Having applied 
to the same orifice the cylindrical tube of Fig. 5, and the per- 
pendicular P M being let fall from the external orifice of the 
tube, the distance MN was found to be sixty-nine inches. 
According to the theory, the expenditure of four cubical feet 
through this tube ought to have taken place in 26''*24, but 
it really employed 31". And the proportions 31":26"-24=8 
81-5:69 nearly. 

The same observation may be made on an experiment of 
Michelotti (tom. ii. pages 22 and 23), P M being 19-33 feet, 
and the water issuing through an orifice in a thin plate MN 
was 23*2 feet; it was no more than twenty when an addi- 
tional cylindric tube was applied which had not even the proper 
length. 

It is evident, that the theory of the lateral communication of 
motion must likewise apply in the same manner to descending 
and ascending tubes, whenever their form admits of this lateral 
communication. In descending tubes, we must add the in- 
crease of expenditure occasioned by this cause to that which is 
produced by the acceleration of gravity, and which we have 
estimated in Proposition IV, In ascending tubes, gravity acts 
in a contrary direction, and, consequently, its efiect must be de- 
ducted from that of the lateral communication. Experiment 7 
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relates to ascending tubes. The following relate to other 
positions. 

ExPEE. 20.— The tube A B FE of Fig. 11, Experiment 16, 
was applied in the place of the tube B CQO/in Fig. 7. The 
height of the water in the reservoir above the lower extremity 
of the tube was 41*5 inches. The four cubical feet of water 
were emitted in 22". 

I applied the same conical tube ABFE, Fig. 11, to the 
orifice iZ, Fig. 8, to form an ascending jet a little inclined 
from the perpendicular. The height of the water of the 
reservoir above the upper extremity of the tube was twenty-' 
three inches. The expenditure of four cubical feet was made 
in 30". 

The time of the expenditure in Experiment 15^ vras 25". 
And by comparing it with the present, we find nearly 
A/4F6 : >/32^=25" : 22". And V23": >/32^=25" : 30". 

ExPER. 21. — ^The orifice i?, Fig. 8, was circular, and 4-6 
lines in diameter; the charge vras 31*7 inches, and the jet de- 
clined a little from the perpendicular. The orifice being through 
. a thin plate, afibrded a cubical foot of water in 161". With an 
additional cylindrical tube of the same diameter, and ten lines 
in length, the cubical foot of water was emitted in 121". 

Under a charge of fifly-six inches, the same orifice afforded 
by the vertical jet, a cubical foot in 123" through the thin plate, 
and in 91" with the same additional tube. 

These two results being combined, give for the expenditure 
of vertical jets a mean ratio, between the thin plate and the 
cylindrical ajutage, of 100 to 134, which is also the ratio be- 
tween the horizontal jets. 
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EzPER. 22. — I applied the glass tube QRTy Fig. 6, to the 
point S, Fig. 5, of the compound tube ACM Nj the distance 
B S being twenty-four lines. In this situation the fluid T no 
longer rises in the tube. This proves that the lateral transla- 
tion of the fluid in the cylindrical tube is made very near the 
place where the vein is contracted, and that, consequently, D R 
must briskly strike the side GM. 

By this experiment we see that the distance B R 2X which 
the oblique filaments strike the sides of the tube, does not 
amount to twenty-four lines. Supposing D O = 20 lines, the 
time which the particle H employs to pass through the space 
Z> O in my esperiments is less than Qf''0\. Let us decompose 
the curve-lined motion D R according to the lines DO, OR. 
Let us suppose the acceleration through O iZ to be uniform, 
tod it will be found that this acceleration is at least five times 
as great as that of heavy bodies. If the lateral forc^ , through 
O R were simply the mutual attraction of the particles of the 
water, this attraction in the particle D must not only overcome 
the inertia of the particle itself, but likewise that of the other 
particles nearer the axis, which follow D in its deviation through 
D R, and impress upon them a much greater sum of accelera- 
tion than that of gravity. Now the force of attraction of one 
particle of water is not greater than the natural gravity of a 
thread of water of the length of one line at most. The lateral 
communication of motion^ which is the cause of the acceleration 
through O iZ, is, therefore^ much greater than could have been 
produced by the mutual attraction of the particles of water. 
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PROPOSITION VII. 

By means of proper Ajutages applied to a given cylindric Tube^ 
it is possible to increase the Expenditure of Water through 
that Tube in the proportion of Twenty-four to Ten^ the 
Charge or Height of the Reservoir remaining the same. 

I shall here give an account of the different precautions ne- 
cessary to be taken when thef expenditure of water through a 
cylindrical tube of a given length is requii^ed to be the greatest 



1. The inner extremity of the tube A D (Fig. 13), must be 
fitted ^i AB with a conical piece of the form of the contracted 
vein;'*'' this increases the expenditure as 12*1 to 10. Every 
other form will afford less. If the diameter at ^ be too great, 
the contraction will be made beyond jB, and the section of the 
vein will be smaller than the section of the tube. i 

2. At the other extremity of the pipe B C apply a truncated 
conical tube CD, of which let the length be nearly nine times 
the diameter C, and its external diameter D must be 1 *8 C 
This additional piece will increase the expenditure as 24 to 12*1, 
(Experiment 16). By this means the quantity of water will be 
increased by the two ajutages A B, CD, in the proportion of 
twenty-four to ten.f 

* Bo68ut, Art. &09. 

f The idea that this ratio will apply to long pipes is erroneous ; for it must 
obviously decrease as the force necessary to produce motion increases; and, 
therefore, in long pipes will have very little effect. It may also be inferred 
that the effect of a truncated tube applied at the outer extremity will depend con. 
siderably on the velocity of the efflux. The Roman htw, mentioned in the next 
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At Rome, the inhabitants purchase the right of conveying 
water from the public reservoirs into their houses. The law 
prohibits them from making the pipe of conveyance larger than 
the aperture granted them at the reservoir, as far as the distance 
of fifty feet.* The l^slature was, therefore, aware, that an 
additional pipe of greater diameter than the orifice would 
increase the expenditure ; but it was not perceived that the law 
might be equally evaded by applying the conical frustum C D 
beyond the fifty feet. 

From the second rule we learn, that it is not proper to make 
the flues of chimneys too large in the apartments \ but that it 
will be sufficient if they be enlarged at their upper terminations, 
according to the form CD, Fig. 13. This divergency of the 
upper part will carry off the smoke very well, even when it is 
not practicable to afford chimneys of sufficient length to the 
upper apartments. The same observation is applicable to 
chemical furnaces for strong fire. 

3. The pipe B C ought to be straight, without elbows or 
curvatures. To the experiments which Bossut has made on this 
head,t I shall add the following : — 

ExpEB. 23.— The two tubes ABC.DEF, Fig. 14. Plate II, 
are 15 inches long; their diameter is 14*5 lines. The conical 
portions A^ Z>, have the form of the contraction of the vein of 
fluid, and are applied to the orifice P, Fig. 1, which is 18 lines 
in diameter, with 32*5 inches depth, or charge of super- 
incumbent fluid. The elbows, or flexures, B C, EF^ are made 



paragraph has most likely limited the distance to that where the increase of ex. 
penditiue would be inconsiderable for the size of pipe commonly used at the 
time.— Ed. 

* Fontin. de Aquasduct. Art. 205, 106 et 112. 

t Art. 631, et seq. 
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in the plane of the horizon. These two pipes are made of 
copper soldered with silver, and the workmanship carefully exe- 
cuted. The curvature B C was drawn out or bended, into the 
form of a quarter of^a circle, by filling the tube with melted 
lead in order that it might preserve its diameter during the act, 
of bending. The elbow D E F\& constructed in a right angle. 
The expenditure through these two tubes was compared with 
that afforded, through a right-lined cylindrical tube of similar 
dimensions, and in like circumstances. The four cubical feet of 
water flowed out of the cylindrical tube in 45'' ; out of the 
curved tube ABC in 50f' ; and out of the angular tube DEF 
in 70". 

It is of importance that the tube B C, Fig. 13^ Plate I, 
should be of an equal diameter throughout. It is not enough 
that care be taken that there should be no contraction ; it is 
also necessary that it should not be enlarged at any part. For 
such enlargements have nearly the same bad effect in the 
expenditure as contractions: The pipe A O, Fig. 12, affords a 
much less quantity of fluid with the dilatations BEyHI^ than 
if it were of a diameter equal to that at B throughout its whole 
length. The'foUowing experiment agrees with the theory. 

ExPEB. 24. — ^The circular orifice -4, Fig. 12, has the form 
of the contraction of the vein, and the remaining part of the 
tube is interrupted by various enlargements of its diameter. 
This tube is applied to the aperture P, Fig. 1. The dimensions 
of its parts measured in lines are as follow: — Diameter at 
il = 11-2. Diameter at B, C, F, G, &c., = 9. Length of 
BC^FG, &c., = 20. Length of CD = EF^ G H, &c., 
= 13. Diameter of the enlarged parts = 24. The length of 
each of the enlarged parts was variable. The first time of trial 
it was 38 lines, the second 76, and the result of the experiment 
was the same in both cases. 
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No. of enlarged parts. Time during which four cubical 

feet issued out. 

loy 

1 .' 147" 

3 192" 

5 240" 

I afterwards applied to the same orifice a tube, having the 
same form, and the 8ame diameter, ns A BCy but cylindrical 
throughout, without any enlargements, and its length was 
thirty -six inches, the same as that of the tube with five enlarged 
parts ; and, in this case, the expenditure of four cubical feet was 
made in 148". 

When the fluid passes from C to the middle of the enlarged 
part D E, part of the motion is diverted from the direction 
C jP towards the lateral parts of the enlargement. This part of 
the motion is consumed in eddies, or against the sides. Conse- 
quently, there remains so much the less motion in the following 
branch JPG. This is also the cause which destroys or weakens 
the pulse in the arteries beyond an aneurism. 

From this consideration we are justified in concluding, that 
if the internal roughness of a pipe diminishes the expenditure, 
the friction of the water against these asperities does not form 
any considerable part of the cause. A right-lined tube may 
have its internal surface highly polished throughout its whole 
length ; it may every where possess a diameter greater than the 
orifice to which it is applied ; but, nevertheless, the expendi- 
ture will be greatly retarded, if the pipe should have enlarged 
parts or swellings. This is a very interesting circumstance to 
which, perhaps, sufficient attention has not been paid in the 
construction of hydraulic machines. It is not enough that el- 
bows and contractions are avoided ; for it may happen, by an 
intermediate enlargement, that the whole advantage maybe lost, 
which may have been procured by the ingenious dispositions of 
the other parts of the machine. 



158 VENTURl'S EXPERIMENTS 



PROPOSITION VIII. 

In the Machine for blowing by means of a Fall of Water ^ the 
Air is afforded to the Furnace by the accelerating Force of 
Gravity f and the lateral Communication of Motion^ combined 
together. 

The academy of Toulouse^ in the year 1791, invited philo- 
sophers to determine the cause and the nature of the stream of 
air which is produced by the fall of water in certain forges. I 
propose, in this place to develope the complete action of this 
kind, of blowing apparatus, and to ascertain the best form of 
construction. Kircher is the first I know of, who has ex- 
plained the production of wind by a fall of water.* Barthes, 
the &ther, has given a theory which appears to me to be de- 
fective in many respects.f Dietrich was of opinion, that this 
wind is produced by the decomposition of water.;]: Fabri had a 
similar notion in the last century.^ Most philosophers are well 
acquainted with thb kind of engine. || 

I shall b^n with an idea, the foundation of which did not 
escape the penetration of Leonardo da Vinci. Suppose a num- 
ber of equal balls to move in contact with each other along the 
horizontal line A J8, Fig. 15, Plate II. Imagine them to pass 



* Miiiidiui Subterr. lib. xir. cap. 5, edit. 1S62. 

•)- M^moires des Savans ^trangen, vol. iii. p. 378. 

j: Oites de Minerai des Pyr^n^es, pp. 48, 49. 

§ Physic Tract, i. lib. ii. prop. 243. 

II Art. det Forges, part. ii. -*- Mariotte des Eanx, part i. disc. iii. —Transact. 
No. 473, &c. 
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with an uniform motion, at the rate of four balls in a second. 
Let us take B F, equal to 16 feet English. During each 
second, four balls will fall from B to F, and their respective 
distances in falling will be nearly 5 C = 1, CD = 3, DE = 5, 
FF zs 7. We have here a very evident representation of the 
separation and successive elongation, which the accelerating 
force of gravity produces between bodies which fall after each 
other. 

The rain-water flows out of gutters by a continued current ; 
but during its fall it separates into portions in the vertical 
direction, and strikes the pavement with distinct blows. The 
water likewise divides, and is scattered in the horizontal direc- 
tion. The stream which issues out of the gutter may be one 
inch in diameter, and strike the pavement over the space of one 
foot. The air which exists between the vertical and horizontal 
separations of the water which falls is impelled and carried 
downwards. Other air succeeds laterally, and, in this manner, 
a current of air or wind is produced round the place struck by 
the water. I went to the foot of the cascades which &11 from 
the Glaci^re of La Roche-M^lon, on the naked rock at La No- 
val^se, towards Mount Cenis, and found the force of the wind 
to be such as could scarcely be withstood. If the cascade fall 
into a basin, the air is carried to the bottom, whence it rises 
with violence, and disperses the water all round in the form of 
a must. 

The water which is precipitated in the hollow internal parts 
of mountains carries the air with it, which, afterwards issuing 
forth from apertures at the foot of the mountain, produces those 
natural blasts, those ventaroli^y which are most frequently 

* These venlaroli are aometimes produced by the difference of temperatare be- 
tween the air of the cavern and the external air— V. From the effects, they seem 
to be oftener produced by this last cause than by a fall of water. On this subject 
in general, namely, the cold winds which issue out of the ea^th, see Nicholson's 
Phibs. Journal, i. 229.— -Trans. 
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obsenred in the volcanic moantains, because these mountains are 
most commonly hollow within. 

Let BCD E, Fig. 16, represent a pipe, through which the 
water of a canal A B falls into the lower receiver MN. The 
sides of the tube have openings all round, through which the 
air freely enters to supply what the water carries down in its 
fall. This mixture of water and air proceeds to strike a mass of 
stone Q : whence rebounding through the whole width of the 
receiver MN^ the water separates from the air, and falls to the 
bottom at XZ^ whence it is discharged into the lower channel 
or drain, by one or more openings, T, F. The air, being less 
heavy than the water, occupies the upper part of the receiver, 
whence being urged through the upper pipe O, it is conveyed to 
the forge. 

EzPEB. 25. — I formed one of these artificial blowing engines 
of a small size. The pipe B D was two inches in diameter, 
and four feet in height. When the water accurately filled the 
section B C, and all the lateral openings of the pipe D B EC 
were closed, the pipe O no longer afforded any wind. 

It is, therefore, evident that in the open pipes the whole of 
the wind comes from the atmosphere, and no portion is afforded 
by the decomposition of water. Water cannot be decomposed 
and transformed into gas, by the simple agitation and me- 
chanical percussion of its parts. The opinions of Fabriaod 
Dietrich have no foundation in nature, and are contrary to 
experiment. 

It remains, therefore, to determine the circumstances proper 
to drive into the receiver M N^ the greatest quantity of air, and 
to measure that quantity. The circumstances which favour 
the most abundant production of wind are the following : 
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1 . It is known that in the parabola, if the increment of x be 
assumed ^as constant, that of y will decrease nearly in the ratio 

of — . The separation of the balls, in Fig. 16, is more rapid 

in the upper spaces of the fall than in the lower. In order, 
therefore, to obtain the greatest effect from the acceleration of 
gravity^ it is necessary that the water should begin to fall at 
B C, Fig. 16, with the least possible velocity ; and that the 
height of the w^ter FB should be no more than is necessary to 
fill the section B C. I suppose the vertical velocity of this 
section to be produced by a height or head equal to B C. 

2. We do not know, by direct experiment, the distance to 
which the lateral communication of motion between water and 
air can extend itself; but we may admit with confidence, that 
it can take place in a section double that of the original section, 
with which the water enters the pipe. Let us suppose the 
section of the pipe B D EC to be double the section . of the 
water at JB C; and in order that the stream of fluid may extend 
and divide itself through the whole double section of the pipe, 
some bars, or a grate, are placed in B C, to distribute and 
scatter the water through the whole internal cavity of the 
pipe. 

3. Since the air is required to move in the pipe O with a 
certain velocity, it must be compressed in the receiver. This 
compression will be proportioned to the sum of the accelerations, 
which shall have been destroyed in the interior part KD of 
the pipe. Taking KD^ 1-5 feet, we shall have a pressure 
sufficient to give the requisite velocity in the pipe O, The. sides 
of the portion JSTJ), as well as those of the receiver M N^ must 
be exactly closed in every part. 

4. The lateral openings in the remaining part of the pipe 
B jST, may be so disposed and multiplied, particularly at the 
upper part, that the air may have free access within the tube. 

M 
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I will suppose them to be such that 0*1 foot height of water 
might be suiBcient to give the necessary velocity to the air at its 
introduction through the apertures. - 

All these conditions being attended to, and supposing the 
pipe B D to be cylindrical, it is required to determine the 
quantity of air which passes in a given time through the circular 
section K L. Let us take in feet KD = 1-6 ; BC=^BF 
s=: a ; B D = b. By the common theory of falling bodies, the 
velocity in KL will be 7-76 V(a + 6 — 1*4) ; the circular sec- 
tion KL = 0-785a«. Admitting the air in KL to have ac- 
quired the same velocity as the water, the quantity of the mix- 
ture of the water and air which passes in a second through 
KL is =6-la« >/(a + 6— 1-4). We must deduct from the 
quantity (a + i— 1'4) that height which answers to the velocity 
the water must 5 lose by that portion of velocity which it com- 
municates to the new air laterally and constantly introduced ; 
but this quantity is so small that it may be neglected in the 
calculation. The water which passes in the same time of one 
second through B Ci^ = 0'4a* >/ (a-f-O'l.) Consequently, 
the quantity of air which passes in one second through KL, 
will be= 6-la« v'(a+ 6-1-4)— 0-4a« ^{a+0'1). taking the 
air itself, even in its ordinary state of compression, under the 
weight of the atmosphere. It will be proper, in practical ap- 
plications, to deduct one-fourth from this quantity ; 1, on account 
of the shocks which the scattered water sustains against the 
interior part of the tube, which deprive it of part of its motion; 
and 2, because it must happen that the air in LK will 
not, in all its parts, have acquired the same velocity as the ' 
water. 

If the pipe O do not discharge the whole quantity of air af- 
forded by the fall, the water will descend at XZ; the point 
K will rise in the pipe, the afflux of air will diminish, and part 
of the wind will issue out of the lower lateral apertures of the 
pipe BK. 
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I shall uot here examine the greater or less degree of ^^er- 
fectioQ of the different forms of water-hlowing machines which 
are used at various iron forges, such as those of the Catalans, 
and elsewhere. These points may be easily determined from the 
principles here laid down. 



PROPOSITION IX. 

It is possible^ by means of a Fall of Water ^ to drain a Piece of 
Ground, without the help of Machines ; even though the 
Ground should lie on a lower Level than the established 
Current below the FalL 

The means of doing this are pointed out in the first experi- 
ment of this treatise. We have seen that the water contained 
in the vessel DEFBy Fig. 3, Plate I., issues through the chan- 
nel MB F, which is higher than the surface of the water itself, ' 
because the fluid which passes through A C carries with it the 
water contained in the vessel. 

In the artificial' fall, which is procured in channels to give 
motion to mills, when the water rushes down by a rectangular 
trunk of wood, DBCF, Fig. 17, placed nearly horizontal in 
the middle of the lower channel, the surface of the water at K 
is one or two feet beneath the inferior current (or back-water) 
JPi.* The water at F tends to return and descend along 
FK ; but the current, by its lateral action, constantly carries 
it away, and does not permit it to slide down to K. If an 
opening G be made in the lateral sides of the trunk, the waters 



* This depression of the level has already been noticed in K. Guilielmini, 
Delia Natura d^ Fiumi, cap. vii. fig. 46. Bossut, art. 721. The wheel alluded 
to in the text must I presume be of that kind which we call a breast-wheel. — 
(Traus.) 
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from lands lower than the current of the inferior stream F L 
may be drained off. In a commission with several of my col- 
leagues, I once proposed, that this principal should be applied 
to a case in practice. The project was adopted^ and the drain- 
age succeeded very well. 

The rectangular conduit D B FC must be prolonged to a 
certain extent along the lower channel^ otherwise the water 
n^ight flow back from i^ to K^ and oppose the drainage through 
G. The millwrights are aware of the utility of this prolong- 
ation. Experience has taught them, that it prevents thcT water 
from returning back so readily in the time of floods, which 
might check the motion of the water-wheel. For this purpose, 
they make the upper part DF zX the height of the waters 
which the mill-stream can resist or support. The to¥m of 
Final, in the territory of Modena, having chalrged me with the 
direction of changing the course of part of the waters of the 
Panaro, which the circumstances of the town required to be 
done ; I availed myself of this prolongation of the tail-pipe DFy 
together with other contrivances, to maintain the action of 
mills in the new channel ; and I succeeded, not only beyond 
the expectation of the inhabitants, but even beyond my own 
hopes.* 

* Particalar modes of applying this prindple to keep off theback-water in floods, 
have been claimed by different millwrights. Mr. Bums, of Renfrewshire, is men- 
tioned by Dr. Brewster as the first, and Mr. Perkins, as a second proposer of such 
a method ; the latter was rewarded by the Society, of Arts, and his method is de* 
scribed in their Transactions, vol. zzxviii.— Ed. 
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PROPOSITION X. 

The Eddies of tke Water in Rivers are produced by Motion 
communicated from the more rapid Parts of the Strtsam to 
the lateral PartSy which are less rapidly moved. 

Few aathors have examined the caase and the effects of the 
eddies of water in rivers ; and those who have undertaken this 
investigation, do not appear to have been very happy in their 
researches. 

The water which moves in the channel MNH, Fig. 19. 
meets the obstacle BA^ which impedes its course, and causes 
it to rise and discharge itself in the direction A C with an in- 
creased velocity. Suppose the water in BJD CA to be dormant, 
the current A C communicates its motion to the lateral particles 
a (Prop. I.) and conveys them forward; the surface of the 
dormant water becomes depressed at £y and the most remote 
^particles towards JD are urged, according to the laws of the 
equilibrium of fluids, to fill the depression. The current A C 
continues to carry them off, and the space BJD CA continues 
to be exhausted. The water of the current A C, by virtue of 
the same laws, is acted upon by a constant force, which urges 
it towards the cavity JE, while its natural course or projection 
carries it towards A C. Under the agency of these two forces, 
the water A C acquires a curve-lined motion in CJ), and de- 
scends, as it were, through an inclined plane, becoming retro- 
grade in JD By whence it would proceed to strike the obstacle 
B Ay and the current AC, and afterwards it would undergo 
several oscillations previous to acquiring a state of equilibrium 
and repose. But the curreiit A C continues its lateral action : 
a second time it draws away the water through CD into E, 
and forces it to renew its motion through the curve CJDB; in 
which manner the eddy continues without ceasing. 
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If the river should pass through a contraction of its bed at 
Ny eddies will be produced on both sides at P and Q, similar to 
those we have contemplated at D C. 

Suppose the stream of water, after having struck the bank 
G H^ to be reflected into a new direction HS^ the lateral com- 
munication of motion will excite eddies in the angle of reflec- 
tion J?. 

When two currents of unequal velocity meet obliquely in 
the middle of the river, the most rapid current will produce 
eddies in that which is the least rapid. 

Suppose a stream of water to flow over a bed of unequal 
depth. If the longitudinal section of the inequalities of the 
bottom exhibit a gentle slope, as oX A B C, Fig. 20, the 
superior water will impress its motion by lateral communication 
upon the inferior water, which is near the bottom, beneath the 
line A C, and a current will take place through the whole depth 
of the section M B. The current which is formed near the bot- 
tom at JB, is turned out of its course by the slope B C, and 
proceeds to rise above the surface at Q ; sometimes in the form of 
a curling wave or vertical whirlpool. If the extremities of the 
hollow place form an abrupt angle, 2ls JD E, F G, eddies will 
be produced even at the bottom, in the vertical direction at D, 
and sometimes also at 6. These phenomena may be observed 
in an artificial channel with glass sides. 

Every eddy destroys apart of the moving force of the current 
of the river. For the water which descends by a retrograde 
motion, in the inclined plane CBE, Fig. 19, cannot be restored 
in the direction of the current of the river, but by a new im- 
pulse. It is, as it were, a ball which is forced to rise on an in- 
clined plane, whence it continually falls back again to receive 
new impulsions. It is the labour of Sisyphus. 
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Hence, I deduce, as a primary consequence, that in a river; 
of which the course is permanent, and the sections of its bed un^ 
equaly the water continues more elevated than it would have done 
if the whole river had been equally contracted to the dimensions of 
its smallest section. The cause of this phenomenon is the same 
as that which retards the expenditure through the tube with 
enlarged parts. (Prop. VII. No. 4.) The water which de- 
scends from the elevation above the contracted part N^ into the 
basin P Q, Fig. 19, loses nearly the whole of the velocity it 
acquired by descending from it ; because the narrow part has a 
curved slope towards the lower part of the river, which directs 
the velocity of the stream in a horizontal direction. Guiliel- 
mini has well remarked, that a fall does not influence the velo- 
city of the lower stream, because the eddies of the water in the 
basin P Q destroy the velocity produced by the fall. This ve- 
locity increases the depth, and enlarges the width of the 
channel at P Q. Eddies are formed on each side, at the 
bottom, and at the surface; both in the horizontal aad vertical 
directions. It would be to no purpose to attempt to prevent 
this hollowing out and enlargement of the channel by such a 
&11, by adopting the means of close walls ; for the basin wpuld 
then obtain its enlargement, where these constructions might 
end. 

If the channel have a number of successive contractions and 
dilatations, MN, without cascade or dam, there will be still 
formed, at each dilatation, eddies which will diminish the velo- 
city more than if the channel had an uniform section equal to 
that in M or N. It will, therefore, follow, that the surface 
of the water after each dilatation, must rise in order to recover 
the velocity it lost by the eddies. If we call the height to 
which the water must rise above the elevation necessary to have 
overcome the retardations of a bed of uniform section, = a, 
and that the number of equal and successive alternate dilata- 
tions and contractions, be = m, the height of the rise in the 
stream thus alternately dilated beyond that of the same river 
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uniformly contracted will be s am. I here suppose the bottom 
of the river to be uniform. If this bottom be of such a nature 
as to be attacked by the current, the contracted parts will be 
hollowed out, and the matter will be deposited in the enlarged 



The second consequence which I draw from the principle 
here established, respecting the loss of force caused by the 
eddies is of considerable importance in the theory of rivers, and 
appears to have been neglected by those who have treated on 
this subject. The friction of water along the wet banks, and 
over the bottoms of rivers, is very far from being the only cause 
of the retardation of their course, which, consequently, requires 
a continued descent to maintain its velocity. One of the prin- 
cipal and most frequent causes of retardation in a river, is also 
produced by the eddies which are incessantly formed in the di- 
latations of the bed, the cavities of the bottom, the inequalities of 
the banks, the flexures or windings of its course, the currents 
which cross each other, and the streams which strike each other 
with different velocities. A considerable part of the force of 
the current is thus employed to restore an equilibrium of motion 
which that current itself does continually derange. 



PROPOSITION XL 

If the Water of a Reservoir y which flows through a horizontal 
Aperture, he influenced by any foreign Motion, it will form 
a hollow Whirl above the Orifice itself 

Citizen Bossut has given a good description of this kind of 
eddy."^ It is of a different nature from those considered in the 
foregoing proposition ; but the causes are, in some respects, 

• Hdyroydn. No. 432. 
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similar, for which reason I propose to attend to them more parti-^ 
cularly in this place. 

Let D Qy Fig. 18, Plate XL, represent a horizontal plane 
near the orifice EF through which the fluid of the [reservoir 
MN flows. A fluid particle D situated in this plane, has a 
motion D B inclined to the axis A JB. This motion may he 
decomposed into two, JDCjCB; let us suppose that plane 
2> Q to descend parallel to itself along the axis, with the 
motion CB ; the motion JDC o( the particle JD on the plane 
JD Q, remains to be examined. This motion impresses upon all 
the particles situated in the plane D Q, a centripetal force 
towards the centre C. 

Let 9Xkj other horizontal motion whatever, not coincident in 
direction with D C, be impressed upon the same particles : 
under the government of these two forces, the particles will 
describe round the centre C areas proportional to the times, 
and by the equilibrium of these motions they may assume a 
horizontal circular rotation. 

Let us imagine, that during this horizontal circulation, the 
particle 2>, in its approach toward the centre C, as in a spiral, 
shall describe circular orbits, of which the diameter is succes- 
sively diminished ; let us call the velocity of rotation of the par^ 
tide D = v; its distance from the centre = r ; the time of one 
revolution = t ; and, since the areas must be as the time, we 
shall have nearly r =s — ; t=ir* ; and the centrifugal force of the 

T 

particle D will be =s — . When we attentively observe the par- 
ticles which revolve at the surface of the funnel, at ilf N, we 
see that the eflect which really takes place in nature, is nearly 
t=z7^. Since, therefore the centrifugal force, in approaching 

the centre C, increases as — it will become equal to forming an 

equilibrium against the upper pressure S D, which produces 
the centripetal force DC. A cavity K R THP F will there- 
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fore be- formed^ round whieh the whirling flaid will support 
itself by the centrifugal force of its rotation. 

Let DQPM represent a circular fluid zone, the particles of 
which turn round the cavity jR P, according to the law here 
indicated. Let the gravity of a fluid particle be = ^ ; CMzsa; 
RD^h; DXssz; XZ=z; and the velocity of the particle 
D=zv. If the centrifugal force of the particle D were equal to 
its gravity, its velocity, by the theorems of Huyghens, would be 
equal to that of a body falling by gravity alone, through the 

space '^^* And . since a heavy body falls in one second 

through the space of 181 inches = S ; the velocity of the par- 
ticle i>, on the same supposition, would be = s/ {2S (a+b)). 
The centrifugal force in the circle is as v^ ; the centrifugal force 

of D will, therefore, really be = — ^ . And since the cen- 

trifiigal force is = ~r ; taking , , .^ : -—-7 — -= r-J^-rrv • 
a fourth term, we shall have the centrifugal force of the ele- 
ment of D Xin X = ^g(^+^)'^ . and that of the filament 

D Jr= A + ^ rt/ T • When 2r=o the fluent is=o ; whence 
jl ss ""^/ . Taking ^r s 6, the centrifugal force of the filament 
DR will be =-~^(2a+J). The quantity hg is the gravity 

itself of the filament D R. The gravity of this filament is, 
therefore, to its centrifugal force = t7« (2 a H- 6) : 4 a* 5. 

When the fluid zone D RP Qis nearer the aperture EFy 
the pressure S D increases ; whence the centrifugal force of the 
zone must also be increased by diminishing the radius of the 
cavity R C; hence we may determine the nature of the curve 
which forms the perpendicular section of the cavity KR T, For 
greater simplicity, let us suppose that the sides of the vessel 
have the same form MD as that of the cavity itself, so that 
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D R^h may be constant. Let AC=ss; and C R^y. Let 

us substitute y instead of a in the preceding formula. And since 
the gravity of the filament D i? is to the gravity of the filament 
S D =sb : XyWe shall have^ by composition of ratios, the cen- 
triiugal force of the filament D Ji, to the pressure S JD ssbtfl 
(2y + b) : 4xy^ S. These quantities must be equal, in order to 

afibrd an equilibrium. We have, therefore, xy^ 5-^ — -j^- 

=* 0, for the equation of the curve K R T. This is the sixty- 
fourth species in the enumeration of lines of ihe third order, by 
Sir Isaac Newton. Its convexity is turned towards the axis; 
it has two asymptotes, one of which is the axis A Y, and the 
other is in JIf iV, supposing the two points JIf iVto be infinitely 
distant. 

If the assumed positions in this theory do not absolutely 
coincide with nature, they approach its efiects very nearly. It 
is not only possible, but there does exist in nature a whirling 
stream, of which the cavity turns its convex part to the axis, 
and, in which t = r^ very nearly, as is shewn by experiment. 

ExPEB^ 26. — Let the orifice EFh& opened, and any motion 
whatever be impressed on the fluid, independent of that which 
its gravity, and the pressure of the circumambient particles 
tend to produce ; the turning immediately begins, and is seen 
to be more rapid in those parts of the fluid which are nearest 
the bottom. The cause of this is, that the motion D B\& more 
convei^ent and perceptible in those parts which are nearest the 
orifice E FJ* The centripetal force JD C produces its eflect 
there rather than at the upper parts. These last afterwards, fall 
into the cavity which begins to be formed below, by which 
means they also acquire a centripetal force, and the funnel or 
cavity opens to a much greater height than that in which the 
convergence of fluid filaments is observed towards the orifice 
E Fy in water which is less agitated. 

* Bernouilli, Hydrod, sect. 4, § 3. Bossut, art. 427* 
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ExPBB. 27.— Place a floating body at the surface of the 
fluid, of sufficient magnitude to prevent the formation of the 
cavity. If the fluid be much agitated, the cavity will take place 
at the lower part, and air will introduce itself through the 
opening E F. Whence it follows that the pressure of the 
atmosphere on the upper surface of the fluid is not the cause of 
the cavity, which assumes the shape of a funnel. The air does 
not enter, but because it finds an empty space formed by the 
centrifugal force. 

ExPER. 28. — When the fluid remains in a state of tran- 
quillity without eddies, the vessel empties itself in forty seconds ; 
but when the circular motion takes place, the evacuation is 
accomplished in fifty seconds, more or less. It cannot, there- 
fore, be said in general terms, that the whirling stream absorbs 
and draws down bodies through the opening E jP, with more 
force than if no such circulation took place. 

ExPER. 29. — Pour a stratum of oil upon the water of the 
vessel. As soon as the funnel forms itself, the oil rushes down 
and issues out before the greatest part of the lower water, upon 
which it rested. The portions of oil partake leas of the rotation 
of the lower water ; having less density, they likewise recede 
less from the axis than the water ; in consequence of which, as 
they occupy the interior part of the funnel, and are unsup* 
ported, they flow out first. 

ExPER. 30. — Every other small body which floats on the 
water in the vessel acts in the same manner as the oil^ provided 
its dimensions be very small. If the volume of the body be 
somewhat greater, while it approaches the cavity, to fall therein, 
its extremity, which is nearest the axis, comes into a place 
where the circulation is more rapid. This rapidity of motion 
impressed at one extremity of the floating body, is transported, 
by the laws of mechanics, to its centre of gravity, which is more 
remote from the axis in a situation where the circular motion 
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is slower ; consequently, the body recedes from the edge of the 
cavity into which it was about to fall. It returns a short time 
afterwards, is again repelled, and these alternate motions con- 
tinue as long as the circumstances which produced them. 
Lastly, if the body which floats at the sur&ce of the liquor after 
the funnel has been formed, be of sufficient size to cover die 
whole cavity, it destroys the funnel in the upper part, and 
sometimes also in the lower. • The reason is, that the body 
itself cannot turn round its centre but according to the law, 

» = r ; it, therefore, destroys by friction the law y = — in the 

parts of the fluid in contact with it, and, consequently, it 
destroys the funnel itself. 



PROPOSITION XII. 



The lateral Communication of Motion takes place in the Air as 
well as in Water. 

The stream of air, which moves in the midst of a body of 
air at rest, produces undulations and eddies round its current 
in the same manner as in water. These may be observed in 
the smoke which rises from a furnace, and produces a remark- 
able aspect, when it issues like a dark tree from an agitated 
volcano. They may likewise be seen, in the particles which 
float in an obscure chamber, when a ray of the sun shines in^ 
and the observer blows through them. 

If the general wind comes, for example, from the south, 
it frequently happens that the north side of a mountain is at 
the seme time struck by a north wind. This partial and local 
wind is nothing but the eddy produced by the mountain itself 
acting as an obstacle against the principal wind, from the south. 
It is probably from the same cause, that the wind sometimes 
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acts in the contrary direction on the sails of a vessel^ when they 
are too obliquely presented to its stream. 

The vapour of water which issues from the eolipile carries 
the surrounding air with it, and drives it against the burning 
coals opposite to the stream of aqueous vapour. It must not, 
therefore, be concluded that the aqueous vapour is itself in this 
case decomposed to maintain the combustion of charcoal. 

It is known that the flues of chimneys assist the rising of 
smoke by thdlr figure ; concerning which we have drawn some 
inductions, in the Seventh Proposition. 

In organ-pipes, the air which issues out of the side opening 
(lumiere) rubs laterally against the extremity of the column of 
the air included in the pipe. It rubs it on one side in the 
longitudinal direction, and is, as it were, an elastic file acting 
upon an elastic surface. Though the column of air be fluid, its 
parts are, however, so far intermixed together, that the tremu- 
lous motion excited at the place of firiction is soon communi- 
cated laterally through the Vhole thickness of the colunm, 
which receives vibrations of such a kind, that they are an equi- 
librium with each other, and with the velocity of the stream 
which affords the friction. For this effect, it is requisite 
that the column should divide itself at different points or 
nodes, distributed through the length of the tube."*^ It is 
by repeated actions that the wind which issues. from the side 
apierture impresses at length upon the whole column contained 
in the pipe, a movement .of vibration greater than that which 
the laws of impulse, and of the lateral commuqication, would 
permit it to make by a single impulse. In the hautboy, and 
other similar instruments, having a mouth-piece, or reed, the 
cause which excites the tremulous motions does not act 'side- 
ways on the air contained in the pipe; but strikes the column 

* M^moirw de V Acad. an. 1762, page 431. 
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directly in the middle : for which reason it communicates 
its vibrations with so much the more effect to the whole 
mass. 

In like circumstances, the force of sound, which is propa- 
gated in the atmosphere, depends on the magnitude of the sec- 
tion of the air which is at the extremity of the pipe, and the 
amplitude of the vibrations of this section. It is * this sur&ce 
which strikes the atmosphere, and communicates the pulsa- 
tions."*^ For this reason, conical divergent pipes afford a stronger 
sound than those which are cylindrical ; and these' last afford a 
stronger sound than pipes which are conically divergent. The 
first cause of the sound which acts at the mouth end of the 
pipe would never, of itself, excite such strong pulsations in the 
atmosphere, as it does excite by the lateral communication in 
the air contained in a divergent conical pipe. 

The explanation of this phenomenon may be understood by 
observing, 1st, That if a number of elastic bodies be disposed in 
progression, the first will impress upon the last, by the interme- 
dium of the others, more velocity than would be communicated 
by the immediate stroke : 2. The vibrations excited in the pipe 
have a certain permanence, which permits them to receive an 
increase of force by the united effect of successive impulsions : 
whereas, in the open atmosphere, every pulsation is tnmsient 
and single. 

Is not the augmentation of sound in the speaking trumpet 
in part owing to the same cause of the lateral communication of 
motion, rather than to the mere reflection of the sonorous lines 
from the sides of the tube itself? 

I call those resonant vibrations, which take place in a tube 

* It is known that the material of which a pipe is made does not perceptibly 
affect the sound. V. 
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when sound is excited ; and I call those propagated Tibrations, 
OT puhatixms^ which transmit the sound through the atmosphere. 
I have already pointed out a diflTerence, which appears to me 
to take place between these two kinds of vibrations ; namely^ 
that the former have a certain permanence and connexion with 
each other, so that each succeeding impulse excites, supports, 
and reinforces the former; whereas, those pulsations which 
succeed each other in the atmosphere by the repeated action of 
the resonant body, are single, and independent of each other. 

But the following is a much more remarkable difference 
between these two kinds of vibrations. When at the extremity 
of a pipe A B C^9k resonant vibration is made in the section of 
air, B C, Fig. 2, Plate I., experience shews that this vibration 
becomes the centre of pulsations propagated all round inP SQ. 
For, on whatever side the observer is placed, whether at P or 
at Q, he will hear the sound of the pipe ABC nearly as much 
as at S. But when tiiere is no pipe, and the vibration at C jB 
is a simple pulsation propagated through the open air from 
Aix} B ; in this case the pulsation is not propagated laterally 
and completely to P and Q, like the resonant vibration ; but is 
contained almost entirely in the limits B Z and C F, with a 
divergence of between Id and 20 degrees. This &ct has been 
disputed by various philosophers ; but it cannot be questioned, 
since it is well known that we do not hear the echo, or reflected 
sound, from the plain surface, unless we place ourselves in the 
line of reflection, or very near it. If the, pulsation of the echo 
were propagated all round, before the reflecting surface, diverg- 
ing Yrom thence as a centre, ought we not to hear the echo in 
every situation whatever, before that reflecting surfietce? We 
must, therefore, admit, with regard to sonorous pulsations pro- 
pagated in the atmosphere, certain exceptions, and even limits, 
with regard to the lateral communication of motion which we 
have pointed out in the first proposition, and in the fifth, with 
regard to water. 
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Addition respecting the contracted Vein. 

Mach has been written respecting the convergent directions 
assumed by the particles of a fluid contained in a vessel, previous 
to their being emitted through an aperture in the side of the 
vessel itself, and concerning the form, of the contracted vein 
which is thus produced. The reflections and experiments 
which I shall proceed to give^ may afibrd some further expla- 
nation in this respect. 

I shall begin by defending the fundamental doctrine of 
hydraulics against the opinion of a learned man, distinguished 
by his labours and his zeal for the advancement of science — 
Loi^na, the founder of the Italian Society. He pretends"^ that 
the contracted vein is nothing else but the continuation of the 
Newtonian cataract^ and that the celerity of the fluid issuing 
from an orifice in a thin plate, is much less than that of a body 
which falls from the height of the charge. 

Let MD, Fig. 22, Plate II., represent the axis of the vein 
which issues from JS. The radius of the circular orifice B Css 
J52) = l; MB=a. Lorgna pretends that 0-472 a = HB^ is 
the height which would produce, in any heavy body, the velo- 
city of efflux in B C. He supports this^ proposition by comput- 
ations deduced from the mutual action of the particles of the 
fluid contained in the vessel. But, after having seen the failure 
of the efforts of the greatest geometers on this very subject, we 
ought to mistrust all these demonstrations founded on mecha- 
nical principles, very true in themselves, but of which the ap- 
plication to an infinity of bodies, which move and are pressed 
in every direction, becomes extremely difficult, if not impos- 
sible. Let us see whether the theory of Lorgna agrees with 
experiment. Supposing the velocity of the fluid at B arising 

* Mem. della Societa Italians, yoI. iv, 

N 
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from the elevation HB = 0-472 «, the velocity of the same 
fluid in D will be increased in the ratio of >s/ HB : '^ HD ; 
and the vein in D will be contracted in the same ratio. Whence' 

D E^ ( i iQ.470 ) * » which is the formula of the hyperbolic 

conoid of NeWton. If this be the sole cause of the contraetioii, 
the dimensions oi DE ought, very nearly, to s^ree with this 
figure when examined by experiment. But they, in relility, 
differ from it very much, as may be seen in the following table. 



Authors of the Experiments. 


V«liieofi>^ 
fouBd by actual 
Qfeasurement. 


Value of D£ 

calculated by 

the preceding 

Formula. 


Poleni (de Castellis, § 35). . . . 
Miehelotti; Sperim. Idraul. 

Tom. I. Exper. 46 ; Tom. II. 

Exper. 4 


0-79 . 

0-80 
0-818 

0-798 


0-97 

0-99 
0-99 

0-984 


Bossut ("Hydrodyn. art. 437. 
Exper. 5.) 

Myself, with 35 inches charge 
and a horizontal circular ori- 
fice of 18 lines in diameter. 



It is evident, that the contraction of the vein, as found by 
experiment^ is incomparably greater than can be produced by 
the acceleration of gravity, even in descending streams. But 
what can we say of horizontal and ascending jets, in which, 
assuredly, the acceleration of gravity does not take place, but 
in which, nevertheless, the contraction is observed nearly in the 
same manner as in descending currents? The contraction of 
the stream is, therefore, very different from the Newtonian 
hyperboloid. 

Desirous of proving that the vein does not possess the whole 
velocity arising from the height of the fluid above the centre of 
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the orifice, Lotgna relates the experiments of Kraft,"*^ which 
are not applicable to the question, because they were made 
with cylindrical pipes, and we hare seen that such {npes always 
destroy part of the Telocity of the flsid ; consequently, we can- 
not establish any rule from them which shall apply to orifices 
through thin plates.f He wishei^ not to determine the velocity 
of ascending jets by the height to which they rise, because he 
is apprehensive that the preceding part of the stream or jet is 
urged and supported by the succeeding part nearly to the 
height of the charge. Nevertheless, if we interrupt the jet all 
at once, the last portions of water fly to the same height as 
those which preceded them, without having any continued 
column Of the fluid below to follow and support them : these 
last portions must consequently have received, at their passi^ 
through the orifice, all the velocity which was necessary to raise 
them nearly to the dar&ee of the fluid in the redervw. 

Let us confine ourseh'es, if it be thought proper, to hori- 
zontal jets; the experiment which I have related, as a term of 
comparison, appears to me to be decisive. Under the charge 
of 32-6 inches, the vertical line PM, Fig* 1, Plate I., being 64 
inches', the horizontal line itf iV^was always 81*5 inches, which 
was only two inches less than it would have been if the jet had 
preserved in the direction of the horizon all the velocity which 
a heavy body acquires in falling from the height of 32*6 inches. 
The diameter of the contracted vein was 14*3 lines very nearly. 
Since the quantity of 81*5 inches in itfiV supposes in the con- 
tracted vein a velocity of 149*5 inches per second ; this number, 
multiplied by the area of the contracted vein itself, gives the 
expenditure of four cubic feet in forty-one seconds of time, 
which is also the result of experiment. We have, therefore, 



• Acta Petrop. vol. viii. 

t Torricelli took notice of this difference at page 168 of his Works, '' qaoties- 
Gunque atitem aqua per tubum latentem decurreua per angustias traniire debuerit, 
falsa omnia reperits/' 
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three measures determined by experiment, which agree, and 
mutually confirm each other ; namely, the quantity MN^ the 
contraction of the stream, and the time of expenditure. And 
since the quantities observed by Bossut, Michelotti, and Poleni, 
give nearly the same results, it can no longer be doubted, 
1. That the contraction of the stream is nearly 0-64 of the 
orifice ; 2. That the velocity of the contracted vein is nearly the 
same as that of a heavy body which may have fallen through 
the height of the charge. 

These two experimental principles are true in all cases where 
the orifice is considerably small in proportion to the section of 
the reservoir, where that orifice is made through a thin plate, 
and the internal afflux of the fluid filaments is made in an uni- 
form manner round the orifice itself. But what would be the 
consequence if this internal afflux should be modified in a 
manner different from what usually happens? The following 
experiments were made with the intention of ascertaining some 
of the most remarkable efiects of these particular modifications 
in the direction of the fluid filaments which press each other in 
order to pass through the orifice. 

ExPEB. 31.— In the orifice A CBJD, Fig. 21, Plate II., the 
two sides A B are parallel to the horizon ; the extremities CD 
are rounded; the width of this aperture is less than two 
lines, its length eighteen lin^s, and the charge 32-5 inches. 
The section of the stream which issues from this orifice, first 
assumes the form EF ; after which, the two extremities J5JP 
approaching nearer and nearer to enlarge the middle part of the 
section of the stream, at 4*5 inches distance from the orifice, 
acquire the quadrangular form GH. The stream afterwards 
extends itself in the perpendicular direction in the form of a 
large fan KL. 

I have repeated the experiment by placing the longitudinal 
axis of the orifice CD vertically. In this case, the same 
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phenomena were produced; EF becoming vertical) and KL 
horizontal, both preserving their form. 

The fluid filaments, which, issuing out of the orifice, pass 
near the two opposite borders A, By are very near each other ; 
and being convergent, they tend to unite at a very short 
distance from the orifice. The filaments C D are more remote, 
and, perhaps, less convergent; they cannot unite but at a 
greater distance than the two former. In this case, therefore, 
there are movements which tend to form two contractions, the 
one nearer, and the other more remote from the orifice ; these 
two contractions counterbalance each other in part. Their mu- 
tual opposition carries the effect G 77 to a distance five times 
greater than that of the contracted vein of a circular orifice, 
having a diameter of the same breadth as that of this 
orifice. 

In this experiment we see the cause of a phenomenoV which 
has been observed in some particular cases by Poleni and others, 
without giving the explanation. In every orifice of a right- 
lined figure through a thin plate, the angles of the contracted 
vein answer to the sides of the orifice, and the contrary. When 
the quadrangle orifice has the situation MNOPy the greatest 
contraction of the stream is made at a greater distance than in a 
circular aperture ; it assumes the form and situation Q R S T. 
The reason is, that the opposite angles MP are more remote 
from, each other than the side J, F, whence the same thing 
happens as in the long orifice A C B D. In the same manner, 
the triangular orifice in the situation X produces a contraction 
of the form and in the situation Z, &c. 

ExPER. 32. — The orifice being the horizontal cleft CD, 
Fig. 21, the place GH, or most contracted point of the stream, 
was found to be distant from that orifice, as in the following 
table: 
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Height of the charge ajiioye 
the orifice C D. 


J>ifit«0oe joi the ^roatwt con. 
traction GH, 


Inches. 
32-5 
18 
10 
6 


Lines. 

48 
40 
36 



The long orifice C D exhibits to us, under an enlarged di- 
mension, the distance of the contracted vein frx)m the orifice. 
By this means the foregoing table shews us^ in a very sensible 
manner, that the contraction of the stream takes place at a 
greater distance, under strong charges, than in those which 
have but little elevation. 

ExPER. 33. — To the centre of the circular orifice A By Fig. 
23, formed in a thin plate, I disposed within the reservoir, 
the cone of metal X) G jE, with a cylindrical part CFG Dp 
in such a manner that the cone was movable along its own 
axis / F, and its summit E could be protruded, more or less, 
through the orifice A B, approaching or receding from the 
point F. The measures in lines were J.5= 18; /J5=24; JOG 
= 27 ; CD = 8. This apparatus was applied to the orifice P, 
Fig. 1, Plate I.; the charge being 32*5 inches. The results 
were as in the following table : 



QoantHy E X^ 
by which the 
summit of the 
cone projects 
beyond the line 
AB. 


Distance of the 
contracted vein. 


Distance of 


Tiroeofexpen^ 
ditureof four 


Lines. 

11-1 

6-6 



The cone removed. 


9^' 
12-3 
14 
14-3 


Inches. 
76 
77-5 
78-5 
81-5 


85" 

53 
43 
41 
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I iiil^eiid to repeat and vary this eKperinnenti in order to dis- 
Qover the cause of the«siDgular phenom^on wbieh it presents. 

ExpBB. 34. — The orifice being a semicircle, Plate II., Fig. 
24, hftving the diameter A By 11*2 lines, I applied within the 
vessel a plane QAB, perpendicular to the plate in which the 
orifice was made. The line A B was perpendicular to the ho- 
rizon, and the charge 32*5 inches. The jet deviated in the 
horizontal direction in PjFG, departing from the axis CJE to- 
wards the side on which the plane Q P was placed. The angle 
jF CE was 9° 6', and the angle JF CG was 36^. The vertical 
section of the jet had the form K L, so that the largest part of 
the jet was in jF. The four cubical feet of water issued out in 
206 seconds. 

The results of this experiment are analogous to those of the 
experiments 31 and 33. 

ExPER. 35. — Citizen Borda, in a very interesting memoir,* 
relates a peculiar phenomenon, of which he has given a very 
simple demonstration, from the principle of the equality of 
pressure which fluids exert in every direction. It is, that if 
the extremity of a cylindrical tube be pushed into the interior 
part of the reservoir, the contraction of the vein is greater, and 
the expenditure less, than if the same tube be applied to the 
side of the vessel. I have repeated this experiment, and ob- 
served a similar result when the tube was cylindrical from one 
end to the other, like that made use of by the author, and 
when the water was made to flow out in a 'full stream. I after- 
wards gave to the interior extremities of the pipe the form A C, 
Fig. 4, Plate I. of the common contracted vein; in this case, 
there was no longer any remarkable difierence between the two 
expenditures^ in the two situations of the tube. For when the 
end A C was pushed into the interior part of the reservoir, the 

M6moires de TAcad. 1766. 
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full tube afforded, in eighty-one seconds, the same quantity of 
water as was furnished in eighty 8econds,»when it was applied 
to the side of the vessel. It may be presumed, that if the part 
A C had more perfectly possessed the form of the contracted 
reitif the slight difference of one second would have disappeared. 
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INTRODUCTION. 



In tbe pra^ctice of a Civil Engmeer, naucb of his 6uc^p^3 
depends on i^ sound knowledge of th^ principles of th^ 
mptipA of fluid^^ ;md of the qircuinstaaiqas attei^diiog 
$uch mptiow; M the sam^ time^ few have leisure to 
enter into sujch inquiries, unless they be brought befora 
them in a. condensed &rn), with clear directions for 
their immediate appUcatipfi to pra4cti<^. 

A work of this nature having been publisbfd in 
Germany by Professor Eytelwein, an abstract or SMm^ 
mary of its contents was drawn up by Dr. Thomas 
Young, with such modifibc^ations and improyements as 
be considered would add to its yakie to an Si^Ui^ 
reader. This summary w^ first published in tlie 
Journals of the Royal In&tit^tio^ m lli02, and the 
importance of so comprehensive a vi^w of the doc- 
trine of hydraulics, being immediately connected with 
the preceding experimental papers, was so evident, that 
we solicited Dr. Young's permission to republish it, 
and it was granted in the most kind and liberal 
manner ; but, in consequence of his not having there 
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distinguished the extent to which we are indebted to 
Dubuat for forming the theorems given by Eytelwein, 
Dr. Young was desirous to add the following passage 
from his article. Hydraulics, in Napier's "Supplement 
to the Encyclopaedia Britannica :" — "It has happened, 
from a combination of accidental circumstances, that 
Dubuat has been deprived of a considerable portion of 
his just merits, in favour of Mr. Eytelwein, without any 
kind of voluntary plagiarism on the part of that very 
respectable professor. The^ author of the English ab- 
stract of his work was acquainted with Dubuat's book, 
only from having read the extracts copied from it by 
Professor Robison, in his contributions to the Ency- 
clopaedia Britannica, and he was hence led into the 
mistake of supposing Professor Eytelwein the author of 
many improvements, which he had no more idea of 
claiming than he could have had of several modifica- 
tions introduced into the 'Summary of Hydraulics,' 
chiefly extracted from his book, which appeared in the 
Journal of the Royal Institution, and which have been 
quoted as Eytelwein's." 

To this Summary we have added a few notes, and 
given the rules in words at length in those instances 
where Dr. Young had not done so ; and we have also 
added references to the experimental papers of Smeaton 
and Venturi. — Editor. 



SUMMARY 

OF THE MOST USEFUL PARTS 

OP 
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Thb theory of Hydraulics has never been carried to a very 
high degree of perfection upon mathematical foundations alone; 
nor has it hitherto, even with the assistance of experiment, 
been rendered of much practical utility. Newton began the 
investigation of the motion of fluids. Daniel Bernoulli added 
to Newton's propositions much valuable matter, both from cal* 
culation and from experiment. D'Alembert and many later 
authors have exercised their analytical talents in inquiries of 
a similar nature. But another and a more practical mode of 
attaining hydraulic knowledge has been attempted by a distinct 
class of investigators, at the head of whom stands Chevalier 
Dubuat. These have begun from experiment alone, and have 
laboriously deduced, from very ample observations of the actual 
results of various particular cases, the general laws by which 
the phenomena appear to be regulated, or, at least, the formulas 
by which the effect of new combinations may be predicted. 
But it must be confessed that these formulas, however accurate, 
are too intricate to be retained in the memory, or to be very 
easily applied to calculations from particular data. 
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Mr. Eytelwein, a gentleman already known to the public by 
his translation of Dubuat's work into German, with important 
additions of his own, and honoured with several employments 
and titles relative to the public architecture of the Prussian 
dominions, has collected into this compendium of mechanics 
and hydraulics the principal facts that have been ascertained, 
as well by his own experiments as by those of former authors, 
especially such as are the most capable of practical application ; 
and he appears to have done this in so judicious a manner, as 
to make his book a most valuable abstract of every thing that 
can be deduced from theory respecting natural and artificial 
hydraulics. This elegant conciseness deserves so much the 
more praise, as his eountrymem in general appear too often to 
make a merit of prolixity ; and we shall have occasion to 
remark, that, besides the convenience of simplicity, he has 
sometimes been fortunate enough to unite with it the advantage 
of superior accuracy. 

The first part of the w<>fk is but short ; it relates to proper 
mechanics, and has little that is remarkably new or intereating. 
In treatitig of pendulums, the author informs us, with refers 
ence to anbther work of his own, that the Rhinland or Bran^ 
denburg foot contains 139-13 French lines. Hence it appears 
that 100 Rhinland feet are exa<5tly 108 English; aad m this 
papef the measuf es will be reduced accordingly. 

The second part, illative to hydraulics, contains^ bendes a 
short Introduction, twenty-four chapters, almost every one of 
which presents to us something of importance. 
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CHAPTER I. 

Of the Motion of Water flowing out of Reservoirs^ and of the 
Contraction of the Stream. 

The velocity of watery flowing oat of a horizontal aperture, 
is as the square root of the height of the head of the water. 

That is, the pressure, and, consequently, the height, is as 
the square of the velocity ; for the quantity flowing out in any 
short time is as the velocity ; and the force required to produce 
a velocity in a certain quantity of matter, in a given time, is 
also as that velocity ; therefore, the force must be as the square 
of the velocity. The proposition is fully confirmed by Bossut^s 
experiments : the proportional velocities, with a pi*e8sure of 1, 
4, and 9 feet, being 2722, 6436, and 8135, instead of 2722, 
5444, and 8166 ; a very inconsiderable dl&rence^ 

There is another mode <if considering this proposition^ not 
mentioned by Eytelwein, whieh is a very good approximation. 
Supposing a very small cylindrical plate of water immediately 
over the orifice to be put in motion at each instant, by means of 
the pressure of the whole cylinder standing on it, and supposing 
all the gravitation of the column to be employed in generating 
the velocity of the small cylindrical plate, neglecting its own 
motion ; this plate would be urged by a force as much greater 
than its own weight as the column is higher than itself; and 
this, through a space shorter in the same proportion than the 
height of the column. But where the forces are inversely as 
the spaces described, the final velocities are equal. Therefore, 
the velocity of the water flowing out must be equal to that 
of a heavy body falling from the height of the head of water. 
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wliich is found very nearly by multiplying the square root of 
that height in feet by 8, for the number of feet described in a 
second. Thus, a head of 1 foot gives 8 ; a head of 9 feet, 24. 

The well-known circumstance of the' contraction of the 
stream or yein of water, running out of a simple orifice in a 
thin plate, reduces the area of its section at the distance of 
about half its diameter from the orifice, from 1 to 0*660, or 
0*666, according to Bossut ; to 0*631, according to Venturi ;* 

1 R 

and to 0*64, or ^ according to the author's own experiment : 

4 
hence the diameter is reduced to -. 

5 

The quantity of water discharged is very nearly, but not 
quite, sufiicient to fill this section with the Telocity due, or 
corresponding to the height ; for, finding more accurately the 
quantity discharged, the orifice must be supposed to be dimi- 
nished to 0*619, or nearly -. Hence, we may multiply the 

square root of the height by 6, instead of 8, for this mean 
Telocity in a simple orifice. 

If we apply the shortest pipe that will cause the stream to 

adhere every where to its sides, which will require its length to 

13 
be twice its diameter, the discharge will be about j^ of the full 

quantity, and the velocity may be found by taking 6- for a 
multiplier. 

The greatest diminution is produced by inserting a pipe so 
as to project within the reservoir, probably because of the 
greater interference of the motions of the particles approaching 
its orifice in all directions ; in this case the discharge is reduced 
nearly to a half. 

* ^S«e Ventiuri's Experiments, p. 133. 

4k 
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A conical tube, approaching to the figure of the contraction 
of the stream, procured a discharge of 0*92 ; and when its 
edges were rounded off, of 0*98, calculating on its least section. 

Venturi has asserted that the discharge of a cylindrical 
pipe may be increased by the addition of a conical tube, nearly 
in the ratio of 5 to 2;* but Mr. Eytelwein finds this assertion 
somewhat too strong, and observes, that when the pipe is al- 
ready very long, scarcely any effect is produced by the addition 
of such a tube. He proceeds to describe a number of experi-' 
ments made with diffipr^nt pipes, where the standard of compa- 
rison is the time of filling a given vessel out of a large reservoir, 
which was not kept always full, as it was difiicult to avoid agi- 
tation in replenishing it, and this circumstance was perfectly 
indifferent to the results of the experiments. They confirm 
the assertion, that a compound conical pipe may increase the 
discharge to twice and a half as much as through a simple ori- 
fice, or to more than half as miich more as ^ould fill the whole 
section with the velocity due to the height ; but where a consi- 
derable length of pipe intervenes, the additional tube appears to 
have little or no effect. 

The chapter concludes with a general table of the coefiicients 
for finding the mean velocity of the water discharged by the 
pressure of a given head under different circumstances. 

For the whole velocity due to the height, the coefiicient, 
by which its square root is to be multiplied, is 8*0458. 

For an orifice of the form of the contracted stream, 7*8. 

For wide openings, of which the bottom is on a level with 
that of the reservoir ; for sluices with walls in a line with the 

* The ratio assigned by Venturi is only as 24 is to 12*1, or nearly as 4 is to 2— 
See Venturi's Experiments, Prop. VII., p. 154 ; but these experiments were not 
likely to afford a rule for any other than the particular case that was tried.-^]>. 

O 
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orifice ; and for bridges with pointed piers, 7'7. For narrow 
openings, of which the bottom is on a level with that of the re- 
servoir, for smaller openings in a sluice with side walls, for 
abrupt projections and square piers of bridges, 6*9. 

For short pipes^ from two to four times as long as their dia^ 
meter, 6*6. 

For openings in sluices without side walls, 5*L 

For orifices in a thin plate, 5. 



CHAPTER 11. 

Of the Discharge of Water by horizontal and by small lateral 
Orifices in a Vessel continuing fuU. 

The principles detailed in the first chapter are here applied 
to particular cases. 



r" CHAPTER IIL 

Of the Discharge by rectangular Orifices in the side of the 
Reservoir, extending to the Surface. 



The velocity varying nearly as the square root of the height, 
may here be represented by the ordinates of a parabola, and the 
quantity of water discharged by the area of the parabola, or 
two- thirds of that of the circumscribing rectangle. So thatihe 
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quantity of water discharged may be found by taking two-thirds 
of the velocity due to the mean height, and allowing for the 
contraction acco^ing to the form of the opening, as explained 
in the first chapter.* 

The author has fouild this mode of calculation sufficiently 
near to the results of Dubuat's experiments^ and to some accu- 
rate observations of his own* 

He proposes, for example, a lake in which a rectangular 
opening is made without any oblique lateral walls, 3 feet wide^ 
and extending 2 feet below the surface of the water. Here the 
coefficient of the velocity, corrected for contraction, is 5'1, and 
the corrected mean velocity, § V 2 x 5*1 = 4*8 ; therefore, the 
area being 6, the discharge of water jn a second is 28.8 cubic 
feet, or nearly four hogsheads. 

The same coefficient serves for determining the discharge 

over a weir of considerable . breadth ; and hence it is easy to 

deduce the depth or breadth requisite for the discharge of a 

given quantity of water. For example, a lake has a weir 3 feet 

in breadth, and the surface of the water standsy at the height of 

5 feet above it: it is required how much the weir must be 

widened in order that the water may be a foot lower. Here 

the velocity i& §\/ 5 x 5*1, and the quantity of water § v' 6 x 

5'1 X 3 X 6 ; but the velocity must be reduced to § v' 4 x 5*1, 

J ^, ^, ^. .|, , i>/~5 X 51 X 3 X 5 V 5" X 3x5 

and then the section will be -^-^ — -— = — ^- = 

^ iV 4x5-1 V4 

= 7-6 x V6; and the height being 4, the breadth must be 

7-5 _ 

— V6«4-19feet. 



* The depth of the stream at the edge of the waste hoard is about one-half the 
depth of the edge below the surface of the water, when it is only a thin waste board. 
Dr. Robison mentions some experiments in which it was two-serenths ; but it 
varies as the waste board is made thicker.— Ed. 
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CHAPTER IV. 

Of the Discharge from Reservoirs with lateral Orifices of con- 
siderable Magnitude, with a constant Head of Water. 

This may be found by determining the differehce in the dis^ 
charge by two open orifices of different heights : but, in most 
cases, the problem may be solv.ed with nearly equal accuracy, 
by considering the velocity due to the distance of the centre of 
gravity of the orifice below the surface. 



CHAPTER V. 

Of the Discharge from Reservoirs receiving no Supply of 
Water. 

For prismatic vessels, all the particulars of the discharge 
may be calculated from the general law, that twice as much 
would be discharged from the same orifice if the vessel were 
kept full during the time which is required for its emptying 
itself. (Dr. Young's Lectures, II. 61.) Where the form b less 
simple, the calculations become intricate, and are of little 
importance. 
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CHAPTER VL 

Of the Discharge from compound or divided Reservoirs, 

The author observes from Buat, that the discharge through 
an orifice between two reservoirs, below the surface, is the same 
as if the water ran into the open air. Hence he calculates the 
discharge when the water has to pass through several orifices 
in the sides of as many reservoirs open above. In such cases, 
where the orifices are small, the velocity in each may be con- 
sidered as generated by the difference of the heights in the two 
contiguous reservoirs, and the square root of the difference will, 
therefore, represent the velocity ; which must be in the several 
orifices, inversely as their respective areas; so that we may 
calculate from hence the heights in the different reservoirs 
when the orifices are given. Mr. Eytelwein then considers 
the case of a lock which is filled from a caual of an invariable 
height, and determines the time required, by comparing it 
with that of a vessel emptying itself by the pressure of the water 
that it contains, observing that the motion is retarded in both 
cases in a similar manner, and he finds the calculation agree 
sttflSciently well with experiments made on a large scale. The 
motion of water through different compartments of a closed 
cavity is also determined. 
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CHAPTER VII. 

Of the Motion of Water in Rivers. 

TTie simple theorem by which the velocity of a river is deter- 
mined, appears to be the most valuable of Mr. Eytelwein's im- 
provements ; although the reasoning from which it is deduced 
is somewhat exceptionable. The friction is nearly as the square 
of the velocity ; not because a number of particles proportional 
to the velocity are torn asunder in a time proportionally short, 
for, according to the analogy of solid bodies, no more force is 
destroyed by friction when the motion is rapid than when slow, 
but because, when a body is moving in lines of a given curva- 
ture, the deflecting forces are as the squares of the velocities, 
and the particles of water in contact with the sides and bottom 
must be deflected, in consequence of the minute irregularities 
of the surfaces on which they slide, nearly into the same curvi- 
linear path, whatever their velocity may be. 

At any rate, we may safely set out with the hypothesis, that 
the principal part of the friction is as the square of the velocity. 
And the friction is nearly the same at all depths ; for Professor 
Robison found that the time of the oscillation of the fluid in a 
bent tube was not increased by increasing, the pressure against 
the sides, being nearly the same when the principal part of the 
tube was situated horizontally as when vertically. The friction 
will, however, vary according to the surface of the fluid which 
is in contact with the solid, in proportion to the whole quantity 
of fluid : that is, the friction for any given quantity of water 
will be as the surface of the bottom and sides of a river directly, 
and as the whole quantity of water in the river inversely ; or sup- 
posing the whole quantity of water to be spread on a horizontal 
surface, equal to the bottom and sides^ the friction is inversely 
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as the height at which the river would then standi which is 
called the hydraulic mean depth. 

Now, when a river flows with an uniform motion, and is nei- 
ther accelerated nor retarded by the action of gravitation, it is 
obvious that the whole weight of the water must be employed 
in overcoming this friction ; and, if the inclination vary, the 
relative weight, or the force that urges the particles along the 
inclined plane, will vary as the height of the plane when the 
length is given, or as the fall in a given distance ; consequently, 
the friction, which is equal to the relative weight, must vary 
as the fall, and the velocity, which is as the square root of the 
friction, must be as the square root of the fall ; and, supposing 
the hydraulic mean depth to be increased or diminished, the 
inclination remaining the same, the friction would be dimi- 
nished or increased in the same ratio ; and, therefore, in order 
to preserve its equality with the relative weight, it must be pro- 
portionally increased or diminished by increasing the square of 
the velocity, in the ratio of the hydraulic mean depth, or the 
velocity in the ratio of itd square root. We may, therefore, 
expect that the velocities will be conjointly as the square root of 
the hydraulic mean depth, and of the fall in a given distance, 
or as a mean proportional between these two lines. Taking two 
English miles for a given length, we must find a mean propor- 
tional between the hydraulic mean depth and the fall in two 
miles, and inquire what relation this bears to the velocity in a 
particular case, and thence we may expect to determine it in 
any other. According to Mr. Eytelwein's formula, this mean 
proportional is ij of the velocity in a second. -;• > 

In order to examine the accuracy of this rule, we may take 
an example which could not have been known to Mr. Eytel- 
wein. Mr. Watt observed, as Professor Robison informs us, in 
the article *' River " of the Encyclopaedia Britannica, that in a 
canal 18 feet wide above, and 7 below, and 4 feet deep, having 
a fall of four inches in a mile, the velocity was 17 inches in a 
second at the surface, 14 in the middle, and 10 at the bottom ; 
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80 that the mean velocity may be called 14 inches, or somewhat 
less, in a second. Now, to find the hydraulic mean depth, 
we must divide the area of the section, 2 (18 -f 7) = 50, by the 
breadth of the bottom and length of the sloping sides added 

together, whence we have ^^7^, or 29-13 inches : and the fall in 



two miles being 8 inches, we have ^ {8 x 29*13) = 16-26 for 
the mean proportional, of which ^ is 13*9 ; agreeing exactly 
with Mr. Watt's observation. Professor Robison has deduced 
from Dubuat's elaborate theorems 12-568 inches for the velocity, 
which is considerably less accurate. 

For another example, we may take the Po, which falls 1 foot 
in two miles, where its mean depth is 29 feet ; and its velocity 
i§ observed to be about 65 inches in a second. Our rule gives 
68, which is, perhaps, as near as the degree, of accuracy of the 
data will allow* 

On the whole, we. have ample reason to be satisfied wiiji the 
unexpected coincidence of so simple a theorem with observation: 
and, in order to find the velocity of a river from its fall, or the 
fall from its velocity, we have only to recollect that the velocity 
in a second is ^ of a mean proportional between the hydraulic 
mean depth and the fall in two English miles. This is, how- 
ever, only true of a straight river flowing through an equable 
channel. 

For the glope of the banks of a river or canal, Mr. Eytelwein 
recommends that the breadth at the bottom should be § of the 
depth, and at the surface y : the banks will then be in general 
capable of retaining their form.* The area of such a section 
is twice the square of the depth, and the hydraulic mean 

* When a canal has the proportions described in the text, the slope of the bank 
within the water makes an angle of 37° with the horizon, or of 4 to 3 ; the slope 
usually employed in this country is 3 to 2, making an angle of about 34° ; and the 
relation between the breadth and depth varies considerably according to the nature 
of the traffic, and of the caual-boats.— -Ed. 
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depth f of the actual depth. He then investigated the discharge 
of a canal of which the bottom is horizontal. The velocity ap- 
pears, in this case^ to be somewhat greater than in a similar 
canal of which the bottom is parallel to the surface. 

The author remarks that the velocity is greater near the con* 
cave than the convex side of a flexure : a circumstance probably 
occasioned by the centrifugal force accumulating the water on 
that side."*^ No general rule can be given for the decrease of 
the velocity in going downwards: but sometimes the maxi* 
mum appears to be a little below the surface. In the Arno the 
velocities are, at 2 feet below the surface, 39 J inches; at 4« 
38i ; at 8, 37 ; at 16, 33^ ; at 17, 31. In the Rhine, at 1 foot, 
68 inches ; at 5, 66 ; at 10, 62 ; at 16, 43. As an approxima- 
tion to the mean velocity, the author directs us to deduct from 
the superficial velocity Yku for every foot of the whole depth. 
For instance, if the depth were 13 feet, and the superficial 
velocity 6 feet, to take 4 J as the average velocity of the whole 
river. This can only, however, be true in large rivers; for, in 
the canal measured by Mr. Watt, the superficial velocity must 
be diminished nearly I for a depth of only 4 feet. And we may, 
in general^ come quite as near to the mean velocity by taking ^ 
of the superficial velocity ; although this may still differ mate- 
rially from the true medium. But, comparing this with the 
former theorem for the velocity, which gives a result oftener 
above than below the truth, we may bring them both into a 
form easily recollected, thus : 

The superficial velocity of a river is nearly a mean propor* 
tional between the hydraulic mean depths and the fall in two 
miles ; and the mean velocity of the whole water is, still more 
nearly nine-tenths of this mean proportionaLf 

* When the direction of a current is changed by a bend in its channel, the 
portion of the stream most distant from the centre of curvature is sensibly of a 
higher level than that which is nearest to the centre. — Ed. 

t The inclination of the surface of rivers is of more importance than is gene- 
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We may find a doable confirmation of these principles in 
Major Rennel's account of the Ganges (Phil. Trans. 1781, 
p. 87). He informs us, that, '^ at 600 miles from the sea, the 
channel is 30 feet deep when the river is at its lowest ; and it 
continues at least this depth to the sea ; " that " a section of the 
ground, parallel to one of its branches, in length 60 miles, was 
taken by order of Mr. Hastings ;" that *' the windings of the 
river were so great as to reduce the declivity on which the 
water ran, to less than 4 inches per niile;" that " the medium 
rate of the motion of the Ganges is less than three miles an 
hour in the dry months ; " that is, its superficial velocity. Now, 
allowing a little for the banks, or shelving sides, we may take 
exactly 30 feet as the hydraulic mean depth ; then, if the fall 
in two miles were precisely §, we should have § x 30=20 ; and 
^20 = 4*47 for the velocity in a second, or 3*05 miles in the 
hour: which is a little greater than the observed velocity, 
because the fall was assumed somewhat too great. 

Again (p. 1 10), " The river, when full, has thrice the volume 
of water in it, and its motion is accelerated in the proportion 
of 6 to 3. We may assume, that the hydraulic mean depth is 
doubled at the time of -the inundation, whence the velocity will 
be increased in the ratio of 7 to 5 : but the inclination of the 
surface is probably somewhat increased at the same time, which 
may easily be supposed to increase the velocity still further, 
from 1-4 to 1-7."* 



rally imagined. In questions relating to the right of wa|»r for mills, many nnjast 
decisions have been made from want of attention to it. The fall, hydraulic mean 
depth, and velocity at the time of examination may be easily ascertained, 
and from ascertaining the quantity, the hydraulic mean depths would be in- 
creased or diminished by an increase or diminution of the quantity of water ; the 
inclination of the surface corresponding to the quantity of water in the river at 
any time may be nearly ascertained by the methods described in this chapter. 
—.Ed. 

* The lateral communication of motion in rivers,' and effect of eddies, are treated 
of by Venturi, in Prop, X. p. 166 — Ed. 
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CHAPTER VIIL 

Of the Discharge and the Swell in the case of WdrSy Falls, 
and Contractions^ in Rivers and Canals. 

The methods employed in the third chapter require here 
fiome modification, since the water arrives at the place of 
descent with a considerable velocity ; and it is evident, from 
mechanical as well as from hydraulic considerations, that the 
ultimate velocity will exceed that which is due to the depth of 
the stream at the place of its descent, and that it will corre- 
spond to a height equal to the sum of the heights capable of 
producing these velocities. Hence, we may calculate the effect 
of a bar in elevating the surface of a river; how broad a weir 
must be, in order to produce a certain elevation; and how 
much water will run over a given weir, according to collateral 
circumstances. When a bar is below the level of the lower 
water, we must consider the difference of the two levels as con- 
stituting the fall, the whole of the stream below the level of the 
lower water deriving its additional velocity from this difference 
only. 

The extent of the swell produced by a given elevation of the 
surface of a river in consequence of the effect of a weir or bar, 
may be determined by calculating, from the rules for finding 
the velocity of rivers, the inclination necessary for producing a 
given discharge; the depth being greater, the inclination im- 
mediately above the bar will be less, but the effect of the swell 
does not terminate at the point where the new surface, if 
straight, would have met the original surface ; for, on account 
of the rounding of this angle, it extends nearly twice as far. The 
effect of reducing the breadth of a river may be determined in a 
manner nearly similar. The author remarks, that a consider- 
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able diminution of breadth produces but a small elevation, a re- 
sult which appears to be conformable to experience ; but that 
where depth is required for navigation, it may often be ob- 
tained by a projection built out from the bank, which may 
be sufficient to increase the river's velocity^ and to cause it to 
excavate its bed. 



CHAPTER IX. 

Of the Motion of Water in Pipes. 

The author has attempted to simplify this subject nearly in 
the same manner as that of the motion of rivers, and apparently 
with considerable success. He observes, that the head of water 
may be divided into two parts, one of which is employed in 
producing velocity, the other in overcoming the friction: that 
the height employed in overcoming the friction must be as the 
length of the pipe directly, and also directly as the circumfer- 
ence of the section, or as the diameter of the pipe, and inversely 
as the content of the section, or as the square of the diameter ; 
that is, on the whole inversely as the diameter ; this height^ 
too, must vary like the friction, as the square of the velocity. 

Hence,/ = ;/ denoting the height due to the friction, 

d 

and a a constant quantity : therefore, v* = ^. Now, the 

a I 

height employed on the friction corresponds to the difference 

between the actual velocity and the actual height, or /= A— ^; 

where b is the coefficient for determining the velocity from 

the height ; consequently, v^ = ^ — ; and v^ = ,g, , 

Now h =6*6, and from Buat's experiments, ab^ is determined 
to be '0211, which agrees the more accurately where the velocity 
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is between 6 and 24 ioches in a second. Whence we have t?« 
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•021l7qM' '"'"''"'^^'^^(7^57^)' ^""^ '^ '' somewhat 

more accurate to make t? = 50 v ( ) ; all the mea- 

sures being expressed in English feet.* 

* From this equation some exceedingly useful practical rules may be deriyed. 
In its present shapei, it only shews the velocity of water flowing through pipes ; and 
is equivalent to the following rule : — 

To determine the velocity of discharge of a pipe, when the height of the water 
in the reservoir above the point of discharge, and the length and diameter of the 
pipe, are given. 

RuXiE. — Multiply 2.500 times the diameter of the pipe, in feet, by the height in 
feet, and divide the jiroduct by the length in feet, added to 50 times the diameter, 
then the square root of the quotient wilt be the velocity of discharge in feet per 
second. 

Example. — Let the diameter of the pipe be *375 feet ; the height of the water 

iu the reservoir above the point of discharge 51*5 feet, and the length of pipe 

i.«.^r « 2500 X -375 X 51-5 48281-25 

14637 feet. Here, ^^^3^ _^ ^^^ ^ .3^^^ = j^^^^ « S-S very nearly, and 

the square root of 3*3 is 1*816 ; hence the velocity is 1*816 feet per second. 
These are the measures of one of the Edinburgh water pipes, described in 
Smeaton's Reports (vol. iii. p. 231, first edition), and the actual velocity, it appears, 
was 1*816 feet per second. 

To determine the quantity of water a pipe will discharge, when the height of 
the reservoir above the place of discbarge, the length of the pipe, and the diameter, 
are known, multiply the area of the pipe in feet by the velocity in feet, as 
found by the above rule, and the result wiU be the discharge in cubic feet per 
second. 

If from these rules the equation for the quantity discharged be formed, and 

that quantity be called Q, we have, d f — > , — ^Y ; from whence the .dia- 
meter of the pipe to supply a given discharge may be found ; or more easily^ 
log. d = J (—2*6615 + 2 log. Q + lbgi (/+50d)— log. h;) when rf is in inches and 
Q in cubic feet per minute, which is as follows, in words. 

To find the diameter of a pipe to supply a given quantity of water per minute, 
the height of the surface in the reservoir above the place of discharge, and the 
length of the pipe, being known. 

Rvh^.'-^Add together the constant logarithm — 2*651500, twice the log, of the 
quantity to be discharged in cubic feet per minute, and the log. of the length in feet. 
From the sum subtract the log. of the height of the reservoir in feet, and one 
fifth of the remainder is the log. of the diameter of the pipes m inches nearly. - 
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When the pipe is bent into angles, or rather arcs, we mnst 
diminish the velocity thus found, by taking the product of its 

To obtain a more accnrate result, repeat the operation ; ,only, instead of taking 
the log. of the length only, let 4*2 times^the diameter in inches found by the rule be 
added to the length, and take the log. of the sum instead of that of the length, and 
proceed as before. 

Example. — ^A reservoir for the service of a town is to be .supplied at the rate of 
12 cubic feet per minute, the length of the pipe being 14637 feet, and the fall 51*5 
feet, required the diameter of the pipe. 

The constant logarithm is '. —2*651500 

Twice the log. of 12, (the quantity discharged) is 2*158362 

The log. of the length (14637 feet) is ! 4-165541 

4-975403 

The log of the fail (51-5 feet) is 1-711807 

5)3-263596 
The log. of the diameter, or of 4*495 inches is ........ 0*6527 19 

The main pipe from Comiston to the Castle Hill reservoir of the Edinburgh 
water-service, delivered 11*9676 cubic feet per minute when the pipe was 4*5 inches 
in diameter. (Smeaton's Reports, vol. i. p. 231.) 

To obtain a more accurate solution, repeat the operation, thus— . 

Constant logarithm —2*651500 

Twice the log. 12 (the quantity to be discharged) 2158362 

Thelog. (14637 + 4*2 X 4*495) =log. 14656 4*166016 

4*975878 

The log. 51*5 ..l-711g07 

j^)3;264071^ 
The log. of 4*496, the diameter in inches 0*652814 

This second operation may always be neglected when the length is so consider, 
able ; but in shorter lengths the correction becomes important. The allowance for 
bends in the pipes requires to be made, for which a simple method is given in the text. 
Example 2.— The Swanston-pipe of the Edinburgh water-works was 6435 feet 
long, and had 168 feet fall, and delivered 4*55 cubic feet per minute: required its 
diameter. 

Constant log —2*651500 

Twice log. 4*55 1*316022 

JLogarithmof6435 3*808549 

3*776071 
Logarithm of 168 2-225309 

5)1550762 
Diameter 2*043 inches 0*310152 

The actual diameter of the pipe was 2} inches, hence the bends and obstructions 
must have been considerable. 
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square multiplied by the sum of the sines of the several angles 
of inflection^ and then by '0038 ,; which will give the degree of 
pressure employed in overcoming the resistance occasioned by 
the angles : and deducting this height from the height corre- 
sponding to the velocity, we may thence find the corrected 
velocity. 

Mr. Ejrtelwein proceeds to investigate, both theoretically 
and experimentally, the discharge of water by compound pipes, 
with apertures of various dimensions between them ; he allows 
at each orifice of the contraction of the * stream, and calculates 
the height necessary to produce the increase of velocity in each 
instance, allowing also for the friction of the pipe. But the 
velocity thus found is somewhat smaller than the result of his 
experiments ; probably because the whole of the force of the 
water accelerated at any orifice, is not immediately lost as 
soon as it arrives at a wider part of the pipe. The ascent of 
water in a compound pipe, to the level of a reservoir, is next 
considered, a case which often occurs in pump-work, and an 
approximation to the velocity of ascent is deduced from theorjr 
and compared with experiment. 



CHAPTER X. 

Of Jets of Water. 

This chapter contains little that is new or interesting ; it is 
well known that the velocity of a jet is greatest when it springs 
through an orifice in a thin plate, and in this case, the height 
falls little short of that of the reservoir. 
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CHAPTER XL 

Of the Impulse or Hydraulic Pressure of Water. 

There are three principal cases of the impulse of water 
falling perpendicularly on plane surfaces : when a detached jet 
of water strikes the plane ; when the plane moves in an un- 
limited extent of water, or is very small in respect to a stream, 
that strikes it ; and when the impulse takes place in a limited 
channel. 

Supposing a stream of water to strike against a plane, so as 
to lose all its motion, it is obvious that the force that destroys 
the motion must be equal to the force that generates it ; that is, 
to the weight of the column of water operating during the time 
necessary for its acquiring the given velocity ; and the quantity 
of water arriving during this time, being equal to twice the 
column of which the length is the height due to the velocity^ 
the hydraulic pressure must be twice the weight of such a co- 
lumn. The relative impulse against a plane in motion must be 
determined from the difference of the velocities ; but when all 
the water of a stream strikes against a plane^ the effect of the 
impulse may be more simply determined, as if a solid body 
struck the plane with, the relative velocity: and this is nearly 
what happens in undershot water-wheels. 

When a detached jet strikes against a plane, it appears fix>ni 
the experiments of Bossut and Langsdorf, that its effect is 
equal to the weight of an- equal column of twice the height due 
to the velocity ; but the plane must be at least four times as 
large in diameter as the jet ; if it be only of the same size^ the 
effect will be but one half as great. In an unlimited stream, 
the impulse is also nearly determined from the height corre- 
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spbnding to the velocity ; and it appears that the effect is nearly 
doubled by confining the stream to prevent its diverting laterally 
from the fioat-boards. 

For oblique surfaces^ the effect of a detached jet in its own 
direction appears to vary as the square of the sine of the angle 
of incidence ; but, for motions in open water, we must add to 
this square about f of the difference of the sine from the radius ; 
a correction which is tolerably accurate, until the inclination 
becomes very great. Mr. Eytelwein found the resistance to the 
motion of a sphere nearly ^ of the resistance to a circle equal to 
its section ; perhaps it was a hemisphere, otherwise it is dif- 
ficult to reconcile the result with other experiments in which 
it has appeared to be only |. Mr. Eytelwein informs us, that 
at the temperature 14° of Reaumur, or 63J of Fahrenheit, a 
cubic foot of distilled water weighs 66*0656 pounds of Cologne, 
or 65'9368 commercial pounds of Berlin. According to Sir 
George Shuckburgh's experiment, an English cubic foot of 
distilled water of 66° weighs 997 ounces avoirdupois ; and water 
expands for every degree -000165 : hence, the pound of Cologne 
is 1*0312 English avoirdupois pounds, and that of Berlin, 
10332. 



CHAPTER XII. 

Of Overshot Water-Wheels. 

The power which operates upon overshot wheels is divided 
into two parts, one derived from the weight of the water in the 
cells or buckets, the other from the impulse of the water falling 
on it. The effect of the first is constant ; that of the second varies 
with the velocity : the maximvm is found to be when the velo* 
city is half that of the water received ; but the variable part 
being the smaller, the rule is of little practical consequence, 
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and the velocity of the wheel is generally greater than this. 
The author observes, that, by turning the stream back upon the 
nearer half of the wheel, we remove the resistance of the lower 
water, since it runs off in the same direction with that of the 
water-wheel.* 



CHAPTER XIII. 



Of Undershot Water-wheels. 

4 

The author enters into a minute description of the parts of 
an undershot water-wheel : he observes, that the most advan- 
tageous position for the float-boards in a straight channel, is 
when they are perpendicular to the water at the time that they 
rise out of it ; that only one-half of each should ever be below 
the surface ; and that from three to five should be immersed at 
once, according to the magnitude of the wheel.f When there 
is sufficient fall, the float-boards should be divided and made 
into buckets, so that the wheel may become a breast-wheel; 
the position of the external portion being such, that aline drawn 
through it at the time when the water enters, may divide the 
vertical radius in the same proportion that it divides the qua- 
drant of the circumference ; that is, if the water is received, 
for instance, at one-third of the quadrant from the bottom, the 
line must be one-third of the radius above it. A formula is 
laid down for calculating the actual force of a given stream of 
water on a wheel ; and it is shewn, that half the velocity of the 
stream is that which gives the maximum of effect, the theory 
agreeing perfectly with the experiments of Smeaton and 



* See pp. 33-46, for the experiments of Smeaton and Bossnt on this subject. 
—Ed. 

t See pp. 2-32.— Ed. 
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others :* for since the effect is estimated by the product of the 
force into the velocity of the parts upon which it acts, and since 
the force is in this case 'simply as the relative velocity, because 
the quantity of water is given, and the whole of it is supposed, 
in all cases, to act ; therefore, the effect will be expressed by the 
product of the relative and absolute velocity of the wheel, or 
e=sva; but r =zv-^a; v being the velocity of the stream, 
and r a = av — aa, which is obviously greatest when t? = 2^, 
as is evident either by taking the fluxion, or by considerii^ 
that the greatest ordinate of a semicircle is the radius. 

To shew the advantage of breast wheels over common under- 
shot wheels, the author quotes Mr. Banks's experiments. He 
also observes, that, by placing two wheels after each other in 
the same stream, about one-fourth more force may be obtained 
than either by a single wheel, or by two wheels side by side ; 
but that a single wheel has less friction, and is generally les& 
expensive.f 



CHAPTER XIV, 



Of the Properties of the Air, as far as they relate to Hydraulic 

Machines. 

What Mr. Eytelwein quotes as Mariotte's discovery of the 
increase of the air's density in proportion to the pressure, 
was well known to Hooke and Boyle. From the experiments 
of Woltmann and Schober, he remarks, that the force of the 
wind against a perpendicular plane, is nearly equal to four 

'* See pp. 27 and 29.— .Eb. 

t For modes of clearing mills of back-water and increasing the fall, see 
Venturi, Prop. ix. p. 163 — ^Ed. 
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thirds of the weight of a column of air, of a le&tgth equal to the 
height due to the velocity ; the height of a column of water 
nearly equivalent to the force of resistance may be found, by 
taking the square of ^^^ of the velocity in a second^ in English 
feet* 

Thus, if the velocity were 1000 feet in a second, the resistance 
would be equal to a column of water on the same surface, 
25 feet in height ; and the resistance to a sphere about half as 
much. 

For another example, if we had a cubic foot of a substance 
equal in specific gravity to water, and were desirous of knowing 
the greatest velocity that it could acquire by falling through 
the air; the height of the column of water is here I, and its 
square root 1, which, multiplied by 200, gives 200 feet in a 
second for the velocity, when the resistance would be equal to 
the weight, which, of course, is the limit beyond which the 
velocity could never pass. Hence, we may form an idea of the 
utmost velocity that a stone, of moderate size, could acquire in 
descending from the upper regions of the atmosphere, of even 
from the neighbourhood of the moon, a velocity that would be 
much less than that of a bomb or a cannon ball even when it 
may be followed by the eye. Again, Mr. Garnerin's parachute 
contains about 860 square feet of surface, and weighs, together 
with the aeronaut suspended from it, about 230 pounds. Here 
the weight is ff of a pound for each square foot, which is equi- 
valent to -^ of a foot of water ; multiplying the square root 
by 200, we have about 13 feet in a second for the utmost velo- 
city ; which is the same as if one leaped from a height of 
between 2 and 3 feet. Mr. Garnerin, however, finds the mean 
velocity of descent only eight feet, which agrees better with the 
experiments of Borda, in which the resistance appeared to be 
-5 of the weight of the column due to the velocity, and exceeded 
this proportion as the surface increased in magnitude. 

• See p. 70. 
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CHAPTER XV. 

Of Siphons. 

For estimating the dischai^ of a siphon, the head of water 
must be reckoned equal to the difference between the levels of 
the surface of the water and of the lower orifice. The author 
obseryes that the theory of waves has been treated in a new 
and improved manner by Lagrange, in his Mecanique Analy- 
tique. The problem is, however, not yet completely solved : 
Lagrange's Formula includes the depth of the water agitated 
as a given quantity, but it does not inform us how to determine 
this depth from theory.* 



CHAPTER XVL 
Of Sucking Pumps^ 

The length of the sucking pump must never be greater than 
30 feet below the movable valve : and there may be a loss of 
time in the ascent of the water, unless it be made even a few 
feet shorter. The motions to be produced, and the resistances 
to be overcome, are considered in detail ; but the author refers, 
for still further information, to Langsdorfs Treatise on Ma- 
chinery. 

* The theory of the tides, and the propagation of waves in the ocean, has Utely 
been very fully investigated by Dr. Young, in Napier's Supp. to the EncydOb Brit, 
art.^' Tides." 
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The velocity of the stroke should never be less than four 
inches, nor greater than two or three feet in a second; the 
stroke should be as long as possible, to prevent loss of water by 
the frequent alterations of the valves; the diameter of the pipe 
should be about § or | of that of the barrel. The lifting pump 
is also here described ; it only differs from the sucking pump 
in having the lower valve movable, and the upper one fixed. 
A number of valves and pistons are described in this chapter, 
chiefly firom models of English manufacture. 



CHAPTER XVII. 

Of Forcing Pumps. 

In describing the different kinds of solid piston, the author 
gives the preference to that which has a conical leather project- 
ing on each side; but remarks that there is another form, 
which has the advantage in the situation of the ring for receiv- 
ing the rod, which is precisely in the centre of the piston, and 
is, therefore, fitter for communicating motion in each direction. 
He says, that where the barrel is well polished, the piston may 
be used without either wadding or leather. The first pump, 
invented above a century before Christ, by Ctesibius of Alex- 
andria, to whom, also, music is indebted for the organ, and 
whose name Mr. Eytelwein mentions in speaking of sucking 
pumps, was in reality a forcing pump, as may easily be col- 
lected from its description by Vitruvius (L. x, chap. 12.) 
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CHAPTER XVIII. 

Of mixed Pumpsy or the Combination of Sucking and Forcing 



When the lower valve is above the surface of the water, the 
forcing pump can only raise the water by suction, but the con- 
struction remains the same ; such is Mr. Buchanan's patent 
ship pump. De la Hire's pump is more complicated ; both 
the ascending and descending strokes of the piston being 
made effective, by means of a double apparatus of valves and 
pipes. 



CHAPTER XIX. 

Of acting Columns of Water. 

The mechanism of a pump may be employed for converting 
the weight of water descending in its barrel to the purpose of 
working another pump. The author describes a machine of 
this kind, invented by Mr. HoU, and improved by Langsdorf. 
A similar arrangement, used in Cornwall, has lately been 
described in Nicholson's Journal, by Mr. Trevitbick. The 
only objection to it appears to be the magnitude of the friction. 
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CHAPTER XX. 

Of the Spiral Pump. 

If we wind a pipe round a cylinder, of which the axis is 
horizontal, and connect one end with a vertical tube, while the 
other is at liberty to tarn round and receive water and air in 
each revolution, the machine is called a spiral pump ; it was 
invented, about 1746, by Andrew Wirz, a pewterer in Zurich, 
' and was employed at Florence with Bernoulli's improvement, 
in 1779. At Archangelsky, near Moscow, a pump of this kind 
was erected in 1784, which raised a hogshead of water in a 
minute to a height of 74 feet, and through a pipe 760 feet in 
length. The force employed is not mentioned ; we may, there- 
fore, conjecture that it was turned by water. Mr. Eytelwein 
enters very minutely into calculations of the effect of such a 
machine under different circumstances ; and the results of the 
theory, as well as of experiment, are such as to induce us to 
expect that it will in time come into common use, instead of 
forcing pumps of a more complicated and expensive construc- 
tion. The water-tight joint presents the only difficulty; the 
pipe may form either a cylindrical, a conical, or a' plain spiral, 
and it appears to be uncertain which is the most advantageous ; 
the vertical pipe should be nearly of the same dimensions as the 
spiral pipe, which may without difficulty be made of wood. 
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CHAPTER XXI. 

Of the Screw of Archimedes, or the Water-snail, and of the 
Water-screw. 

The screw of Archimedes cofisistSy either of a pipe wound 
spirally roand a cylinder, or of one or more spiral excavations, 
formed by means of spiral projections from an internal cylinder, 
covered by an external coating, so as to be water-tight. But 
if the coating is detached, so as to remain at rest while the 
spirals revolve, the machine is called a waternscrew. Mr. Ey- 
telwein enters into an accurate determination of the effects of 
these machines in given circumstances ; and the results of the 
theory agree remarkably well with experiment. He observes, 
that the screw of Archimedes should always be so placed, as to 
fill exactly one half of a convolution in each turn ; and that 
very unfavourable reports have sometimes been made of the 
machine for want of attention to this circumstance, for, when 
the orifice remains constantly immersed, the effect is very much 
diminished: this appears also to have happened in some late 
experiments in London. When the height of the water is so 
variable as to render this precaution impossible, Mr. Eytelwein 
prefers the water-screw; although, in this instrument, one- 
third of the water runs back, and it is easily clogged by acci- 
dental impurities. The screw of Archimedes is generally placed 
so as to form an angle of between 46^ and 60° with the horizon, 
but the open water-screw at an angle of 30^ only : for great 
heights, the spiral pump is preferable to either. 
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CHAPTER XXII. 

Of Bucket'WIieels and Throwing" Wheels. 

In the constraction of wheels for raising water in backets 
there is little room for refined theory, whether the buckets be 
fixed or suspended on an axis. It is sometimes conv^iient to 
raise water to the height of 3 or 4 feet by the revolution of a 
wheel with simple float-boards; and such a wheel may be 
either in a vertical or an inclined position : it must, of course, 
be inclosed in a swe^. 



CHAPTER XXIII. 

Of Cellular Pumps and Paternoster-works. 

Water has beett sometimes raised by stuffed cushions con- 
nected with an endless rope, and caused by means of two 
wheels or drums to rise in succession in the same barrel, and 
to carry water with them ; bat the ma^tude of liie friction 
appears to be an objection. From^ the resemblance of the ap- 
paratus to a string of beads, it has been called a Patemositer- 
work. When flat boards are united by dhains, and employed 
instead of these cushions, the machine may, without impro- 
priety, be called a cellular pump : here the barrel is generally 
square, and placed in an inclined position. But these machines 
are very rarely employed. 
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CHAPTER XXIV. 

Of Instruments for Measuring the Velocity of Streams of Water. 

The superficial velocity of a stream is ascertained without 
difficulty, by observing, in calm weather, the motion of a body 
barely floating on it. But it is more difficult to determine the 
velocity of a river at a considerable depth. Pitot's tube, as im- 
proved by Buat, furnishes one of the easiest methods. A fun- 
nel is presented to the stream, and the water, in a vertical tube 
copnected with it, is elevated above the level of the river, nearly 
to the height corresponding to the velocity. But the result will 
be more accurate, if the funnel be covered with a plate per- 
forated only in the centre by a small orifice ; in this case, the 
elevation in the tube will be half as great again as the height 
due to the velocity. Other instruments for appreciating the im- 
pulse of the water against a flat board, require some previous 
comparative observation. In Woltmann's hydrometrical fly, 
the number of revolutions of a wheel, in a given time, indicates 
the velocity of the water, which strikes against two inclined 
planes, and carries round the arm to which they are fixed. 

It is presumed that this abridged account of Mr. Eytelwein's 
book, will not only do justice to his diligence and ingenuity, 
but will convey to the English reader some matter perfectly 
new, and capable of frequent application in practical hydrau- 
lics ; which is, perhaps, of more value, as there is little proba- 
bility that the work will be translated at length. To dissemi- 
nate information of this kind must always be the principal 
object of the Journals of the Royal Institution. 

THE END. 
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